Trace-ion diffusion and electrical conduction in alkali metal carbonates by Spedding, Peter Lee
Trace-ion Diffusion and Electrical Conduction 
in Alkali Metal Carbonates. 
P.L. Spedding 
Errata Sheet. 
Notation /8 means 8 lines from page top 
/§ means 8 lines from page base 
List of Symbols 
p4/8,10,l 
pl6/9 
p24/3 
p30 
P32/5 
p42/6,7 
p59/table 
pl40/3 
dilectic = dielectic c.f. p49/7 
media= plural noun c.f. pp5/9,; 50/6 
87/tables following; 103/4;105/13; 
121/tables following. 
Bocura = Borucka 
2-3~ of= 2-3% from 
R = Rb 
Pi is strictly the internal pressure 
vacuuo = vacuo 
eutetic = eutectic c.f. pl45/tables 
following 
Tolboskj'= Tobolski c.f. pl72/ref 152 
AUSTRALIAN NATIONAL UNIVERSITY 
Doctor of Philosophy Thesis 
Trace-ion Diffusion and Electrical Conduction 
in Alkali Metal Carbonates. 
P.L. Spedding 
Research School of Physical Sciences 
September 1965 
ACKNOWLEDGEMENTS. 
This research was carried out under a Commonwealth 
Reserve Bank Fuel Cell Scholarship award in the Physical 
Chemistry Unit of the Research School of Physical 
Sciences at the Australian National University , Canberra. 
Grateful thanks are due to R. Mills, under whose 
direction this work was conducted, for his help and 
encouragement . 
CANDIDATE'S LlERTIFICATE. 
This is to certify that this thesis is submitted for 
the degree of Doctor Df Philosophy in the Australian 
National University. The work presented herein was 
/ 
carried out by the candidate and has not been submitted 
to any other University or Institution for a higher 
degree. 
TABLE OF CO TENTS . 
Chapter 1 I -JTRODUCTION . 
1.1 The Liquid State 
1.2 Ionic 1elt Structure 
1.3 Diffusion 
1 .31 Basic Diffusion Equations 
1.32 Diffusion Coefficient easurement 
1.321 
1.322 
1.323 
1. 324 
1.325 
Open-ended Capillary Cell 
Diffusion Couple Cell 
Porous Frit 
Diaphragm Cell 
Cloth Strip Technique 
1.326 Polarography 
1.33 General Discussion of Diffusion Data 
1.34 Diffusion ~heory 
1.341 Non Equilibrium Statistical Iechanics 
1.342 Quas i -lattice Vacancy 1odel 
1.343 Hole Theory 
1.344 Liquid Free Volume Theory 
1.345 Kinetic Theory 
1.346 Frictional Coefficient 
1.347 L Formalism 
1.348 Conduction Correlations 
l. 349 Viscosity Correlations 
1.4 Density 
1.5 Conduction 
1.51 Conduction Theory 
1 
2 
3 
5 
6 
7 
18 
21 
24 
26 
26 
28 
29 
29 
32 
33 
36 
37 
38 
39 
39 
40 
41 
43 
47 
1.511 Non Equilibrium Statistical Mechanics 48 
1.512 Hole Theory 48 
1.513 Liquid ree Volume Theory 
1.514 Kinetic Theory 
1.515 Viscosity Correlations 
1.6 Aims of The Present Study 
Chapter 2 EXI'ERIMENTAL 
2.1 Diffusion 
2.11 Apparatus 
2.12 Preliminary Experiments 
2.13 Materials 
2.14 
2.15 
2.16 
2.17 
Procedure 
Calibration 
Eutectic Compositions 
Errors 
2.2 Conduction 
2.21 Apparatus 
2.22 Materials 
2.23 Procedure 
2.24 Calibration 
2.25 Errors 
Chapter 3 RESULTS 
3.1 Diffusion 
3.2 Density 
3 .21 Lithium-Sodium Carbonate 
3,22 Lithium-Potassium Carbonate 
3.23 Sodium-Potassium Carbonate 
3.3 Specific Conductance 
3.31 Lithium-Sodium Carbonate 
3.32 Lithium-Potassium Carbonate 
3.33 Sodium-Potassium Carbonate 
49 
49 
50 
50 
52 
52 
58 
61 
61 
65 
75 
76 
78 
78 
81 
81 
82 
84 
87 
90 
90 
90 
91 
94 
94 
95 
95 
3 . 4 Equivalent Conductance 
3 . 41 Lithium- odium Carbonate 
3.42 Lithium-Potassium Carbonate 
3.43 Sodium-Potassium Carbonate 
Chapter 4 DISCUSSI CN 
4ol Diffusion 
4 . 11 :1easured Diffusion Coefficients 
4 . 12 Lumsden 1odel 
4ol3 Temperature elation 
95 
98 
98 
99 
102 
102 
108 
115 
4 . 14 Comparison of Transport ctivation 120 
Energ ie 
4.15 Calculated Diffusion Data 
4.151 Non-Equilibrium Statistical 
Iechanics 
4.152 Hole heory 
4.153 Kinetic Theory 
4.154 Frictional Coefficients 
4 .155 ernst-Einstein Hquation 
4.156 dtokes-Einstein ~quation 
4 . 2 Density 
4.3 Conduction 
AP bNDIX 
5 . 1 Trace Ion Diffusion Coefficient 
5 .11 
5 . 12 
5 . 13 
5 . 14 
5 . 15 
5.16 
Sodium Carbonate 
43 . 5% mole Li2co3-31 . 5, mole la2co3-
25 . ()50 mole K2co3 
53 . 3,., mole Li2C°.3'"46 . 7~o mole Ja2co3 
42 . 7~/J mole Li2co3- 57 . 3~., mole 2co3 
58 . 0/ mole Na2co3- 42 . 0to 1,.2co3 
Lithium Carbonate 
124 
125 
127 
129 
130 
131 
133 
134 
138 
145 
145 
145 
146 
147 
148 
149 
5. 2 Density 
5 . 21 Lithium- odium Carbonates 
5 . 22 Lithium- ~otassium Car onate 
5 . 23 Sodium- otassium Carbonate 
5 . 3 Conductance 
5.31 
5 . 32 
5 . 33 
Lithium- Sodium Carbonate 
Lithium-Potass i um Carbonate 
Sodium-Potassium Carbonate 
BIBLIOGRAPHY 
149 
149 
150 
Sl 
152 
152 
155 
158 
161 
LIST OF SYNBOLS. 
A = Area 
2 cm 
subscripts s = effective cross sectional 
f = free 
1, 2 = correction factcr s 
A = constant 
subscripts D = diff usion 
X , ~ = conduction 
a*= molecular diameter 
a = radius of sphere equal to mole volume 
subscripts n = Fourier factor 
1 = sum of ionic radii 
cm 
cm 
B = 
b = 
C = 
constant 
packing factor 
concentration moles,counts/cc 
C = 
subscripts o = initial 
f = final 
av= final average 
s = surface 
constant 
c = concentration 
subscript+,-= mole identification 
D = diffusion coefficient 
subscript ++,--=mole identification 
d = diameter 
mole/cc 
2 
cm /sec 
cm 
subscript 1,2 = half migration distance 
AE= activation energy Kcal/mole 
subscripts H = hole 
j = jump 
m = melting point 
K,L:\ = conduction 
vap = latent heat vaporisation 
E = internal energy 
F = Faraday 
Kcal/mole 
coulombs/equiv 
F1 = labyrinth factor 
f 1 = equivalent fraction 
g = geometric factor 
( 2 ) (R ) . 1 t. f t. g
0 12 = pair corre a ion unc ion 
H = enthalpy 
~ H 
V 
= latent heat vaporisation 
h = Plancks constant 
I = current density 
id = limiting current 
i = 0 ,1,2 •• 
Kcal/mole 
Kcal/mole 
erg-sec 
amps/cm2 
amps 
J = diffusional flux moles,counts/cm
2
sec 
subscripts i,j = mole identification 
Kl = 
K = 
k = 
L = 
fj! 
= 
M = 
Mo = 
m = 
constant 
thermodynamic force 
Boltzmann constant 
length 
subscripts++,--= formalism 
molecular weight 
subscripts 1,2 = mole identification 
mole fraction 
subscripts 1,2 = mole identification 
e = equivalent molecular 
1 2 1 + l t 
1 + ....L ln 2 
M2.\ lt M2 
molecular mas s 
subscripts 1,2 = mole identification 
gmcm/sec 2 
erg/°K 
weight 
gm/mole 
= 
a 
m = 
attractive potential energy term 
flow rate 
N = number of mole s 
subscript 1 , 2 = mole identification 
N = mole fraction 
subscript 1,2 = mole identification 
n = discharged electrons per ion 
n = 0,1 ,2 .• 
gm/sec 
subscript r = repulsive potential energy term 
n = number of particles per unit volume cm-3 
subscript 1 = partial mole weight 
P = porosity 
P = pressure 
subsc1·ipt i = thermal 
Q = total diffusate 
R
12
= intermolecular distance 
R = universal gas constant 
R = resistance 
Re= Reynolds number 
r = radius 
subscripts s = separation distance 
o = equilibrium separation 
++,+-,--=frictional coeffic ients 
s
1 
= sum of mole diameters 
S = entropy 
subscript T = constant temperature 
T = temperature 
subscripts m = melting point 
o = glass transition 
t = temperature 
t = time 
2 gm/cm 
counts 
cm 
cal/°Cmole 
ohm 
cm 
cm 
cal/0 c 
oc 
sec 
u = average velocity 
u = extraction work of mole 
V = volume 
subscripts b = bottom compartment 
t = top compartment 
~(IS_
2
) = intermolecular potential 
V = molar volume 
subscripts o = incompressible volume 
H = probable hole volume 
V = atomic volume at P = 0 
v = volume 
subscripts f = average free 
v = velocity 
m = mean 
*=critical 
s = solid melting point 
k = liquid melting point 
subscript i,k = mole identification 
W = weight 
subscripts t = time t 
ex: = time oe. 
X = concentration 
subscript i,k = mole identification 
X = effective pot~ntial gradient 
x = length 
Z = average coordination number 
z = charge 
subscript+,-= ion identification 
CL.a., b = counter efficiency 
<A.. = thermal expansion 
cm/sec 
Kcal/mole 
cm3 
calories 
cm3/mole 
cm3/atom 
cm3/mole 
cm/sec 
gm 
mole/cc 
volt/cm 
cm 
cm/cm0 c 
~~= compressibility 
(3 = cell constant 
subscript 1,2 = equipment efficiency 
Y = surf ace tension 
2 
cm /gm 
-2 cm 
dyne/cm 
subscript 1 = overlap correlation factor 
E = electron charge 
S = frictional coefficient 
I = viscosity 
e = .!Jebye temperature 
B= 
X = 
L':l. = 
't-,.= 
subscript c = corresponding t emperature 
factor 
contact angle 
specific conductances 
equivalent conductance 
jump length 
gm;sec 
gm/cm sec 
oc 
I cm 
I -2 cm eq 
cm 
subscripts 1,2,3 = effective mole dimension 
i,+, - = ionic conductances 
µ = ~m2/ml + m2 
j-,t= chemical potential 
subscripts i,j = mole identification 
V, = vibrational frequency 
p = density 
0-= ilectic constant 
<iii= collision diameter 
T = transition time 
9= potential ener6y function 
subscript 1 = distance curve factor 
r = mutual p = electrical potential 
'j.., = Tolbosky parameter 
em/mole 
cps 
gm/cc 
cm 
sec 
volts 
w = frequency 
-V- = inter-nuclear distance 
~ = number of neighbours in same plane 
cps 
cm 
CHAPTER 1. 
INTRODUCTION. 
1. 
1.1 THE LIQUID STATE . 
One of the major problems of contemporary physics 
and chemistry is the development of a practical theory 
of the liquid state in terms of intermolecular forces 
and geometry. Highly developed practical t heories exist 
for both t he solid and gaseous states but not for 
liquids, particularly molten salts. This is due to the 
extreme difficulty of predicting microscopic liquid 
properties and giving an accurate description of the 
structure in t e r ms of the properties of the individual 
molecule s , atoms or ions which make up the liquido 
The structure of matter on a molecular scale is 
determined by the balance between ordering inter-
molecular forces and the disordering of thermal motion. 
Intermolecular forces predominate in a solid to give a 
lattice structure while the random nature of a gas is 
imparted by the predominance of t hermal agitation. The 
structure of liquids corresponds to a degree of order 
somewhere intermediate between t hese two. The most 
important contemporary liquid theories are, to some degree, 
attempts to adopt crystalline or gaseous state theories 
to the liquid state either by assuming a lattice-like 
structure1- 7 or by using a mathematical approach based on 
the pair distribution function between molecules8- 10• 
Each of these approaches has met with a limited amount of 
success in particular areas. Of the lattice theories, 
the tunnel theory has given, to date , the most reasonable 
agreement with structural and equilibrium thermodynamic 
data for liquids. The Monte Carlo and molecular dynamics 
methods undoubt edly lead to correct equilibrium 
2. 
thermodynamic results, providing the cells chosen are 
sufficiently large, but the computations involved are 
enormous and no structural detail is furnished. The 
older cell and free volume models, while being obviously 
too closely associated with the solid state, are still 
useful, especially in interpreting liquid transport 
properties. Distribution function theories have had a 
measure of success in correctly predicting radial 
distribution functions and certain transport properties 
of the liquid inert gases. 
1.2 IONIC IIBLT STRUCTURE. 
In the case of molten salts, analysis of x-ray and 
neutron diffraction data has shown that any particular 
ion in a melt is surrounded by a coordination shell of 
oppositely charged ions. The coordination number of 
this first shell is significantly less than in the solid 
state e.g. in molten alkali metal halides it is about 
70"/o of the corresponding sDlid11• The coordination 
number of the succeeding shells falls away rapidly until, 
at a distance of several molecular diameters, the melt 
is of a completely random character. When this is 
viewed alongside the considerable density decrease of 
salts on melting it is apparent that melts have a 
decidedly open nature with considerable unoccupied volume. 
This opening of the structure is such that t' e melt still 
retains the incompressibility characteristic of the solid 
state. 
When a salt is melted the most frequently occurring 
interatomic distances are shortened in the case of unlike 
ions and expanded for like ions. This indicate£ some 
degree of change in the intermolecular forces between 
ions, possibly due to the opening up of the structure. 
Further, the relatively wide distribution of the 
interatomic distances in the melt suggests a considerable 
degree of inhomogeneity and that a broad spectrum of ion 
clusters occurs with interatomic distances within each 
cluster approaching the sum of the ionic radii . The 
larger interatomic distances would, therefore, be from 
ions in one cluster to another. This general picture fits 
in well with the low viscosity of molten salts. 
Evidence from slow neutron scattering12 suggests 
that, for extremely short times, it is not unreasonable 
to describe molecular motion in a liquid as vibrations 
around a fixed lattice position interrupted by occasional 
jumps. Of course, such short-range structure will be 
extraordinarily transient and it is obvious that the 
description of the openness of liquid structure in t erms 
of holes, fissures or interstices between compact 
islands, or the use of such terms as lattice and cage can 
be very misleading. 
Any study of transport processes in molten salts, such 
as the present one, could well help clarify the present 
imperfect understanding of the liquid state by yiel ding 
information on the basic molecular interactions in melts . 
Moreover, results will be useful in the long run in 
testing liquid state theories . 
1.3 DIFFUSIU . 
Diffusion is the nett process whereby the bas i c units 
in a media i.e. molecules, atoms or ions, move una i ded 
from point to point. A detailed study of diffusion 
4. 
provides a means of observing the magnitudes of actual 
basic unit motion in a gross sense and enhances a better 
understanding of the interactions between them. This 
is particularly true for tracer diffusion which does not 
require any overall chemical concentration gradient. 
Strictly defined, tracer diffusion is the diffusion of a 
very low concentration or trace of a substance into an 
otherwise uniform media . Trace-ion and self diffusion are 
both special cases of this type of diffusion, the former 
being the diffusion of a trace ion into a media, and the 
latter, the diffusion of a trace quantity of a substance 
into its exact chemical counterpart. 
Gibbs13 suggested that the virtual force producing 
diffusion was the gradient of chemical potential. 
Onsager14 has justified the use of this quantity, usually 
relevant to equilibrium systems, in dealing with the 
irreversible process of diffusion. Briefly, this is 
possible because diffusion is a relatively slow process 
where departures from equilibrium are small compared to 
say chemical reactions. The actual driving force for 
trace-ion diffusion is the entropy of mixing, 
since in such thermodynamically ideal solutions it is 
the only real term in the free energy of mixing. 
It is virtually impossible to determine the diffusion 
coefficients in self diffusion and many cases of trace-
ion diffusion because the diffusing species are 
indistinguishable from ions of the supporting media . 
5. 
However, the process can be successfully fulfilled by 
using suitable isotope tracers. The qualifying 
assumption is made that the tracer ions behave precisely 
as those of the supporting media despite their slight 
physical differences. This is a reasonable assumption 
as diffusion in liquids depends primarily on the size 
and shape of ions and not so much on the mass where the 
main difference lies between the tracer and the 
supporting media ions . Furthermore , relatively small 
mass differences would be eliminated either by 
solvation of the tracer ions, as in aqueous solutions, 
or by their association with a cluster of normal ions as 
in other liquids, such as ionic melts , which exhibit a 
short-range order . This has been borne out by experiment 
as no detectable difference has been found in the 
measured diffusion coefficients in both aqueous solution 
and molten salts by using 
atomic numbe r of 615 , 16 • 
a definite mass influence 
differing isotope tracer above 
Longsworth17 , however, found 
for n2o diffusion in water. 
1.31 Basic Diffusion Equations , 
Fick's first law18 of diffusion states that for a 
single phase region the diffusional flux of a substance 
in the x-direction passing perpendicularly through a 
reference surface of unit area in unit time is proport -
ional to the concentration gradient. 
J = 
Fick ' s second law is derived from the first by 
6. 
assuming that D is independent of concentration. 
Consider the accumulation r ate of the diffusible substance 
in a volume element dx as being the difference between 
the inwar d and outward flux, 
(J)x -(J)x + dx = 
d ('c)C) J X - ( 'bx) 
X 
= 
= 
If this takes place in time interval dt , then dividing 
by the volume element dx, in the limit dx~o, 
= 
The first law only applies to steady state diffusion 
methods, while the second law is of more general 
auplication and is the basis of most of the present 
methods of diffusion measurement . 
1 . 32 Diffusion Coefficient Measurement . 
ethods used for measuring the diffusion coefficients 
in molten materials are :-
Open- ended capillary cell 
Diffusion couple cell 
Porous frit . 
Diaphragm cell . 
7. 
Cloth strip technique. 
Polarographic electrode . 
Other methods such as the instantaneous plane source 
and the finite source methods have been used to measure 
diffusion coefficients in molten metals but have , so far , 
found no application to molten salts . 
Anticipating for the moment the following critical 
discussion, the general observation can be made that the 
most accurate and reliable of these methods for use with 
molten salts is the open- ended capillary cell. Not only 
has the majority of work to date been done using this 
method but other methods have been developed and 
abandoned in favour of it. 
1.321 Open- ended Capillary Cell . 
The method is essentially the same as that developed 
for aqueous solutions by Anderson and Saddington19 , and 
later modified by Wang20 , Mills21 , Mills and Godbole
22
• 
A uniform capillary of known length and sealed at one end 
is initially filled with labelled material and immersed 
vertically in a large bath of isotopically normal 
material such that the concentration of the labelled 
substance at the capillary mouth is zero. After a 
measured time the total amount of diffusing materi al 
left in the capillary is measured and compared with the 
initial quantity . In some cases this is done by 
segmental analysis but this method is inherently 
inaccurate and suffers from errors due to contractions 
on solidification of the melt . The capillaries are 
either filled by vacuum or from a fine capillary. Also 
8. 
with certain melts it is necessary to degas under 
vacuum to prevent bubble formation in the capillary cell. 
The narrow bore of the capillary effectively suppresses 
convection currents and effects due to slight vibrations. 
The whole bath is kept at a uniform temperature as thermal 
mixing can take place if a positive temperature gradient 
occurs over the length of the cell. This is particularly 
true for dense media such as molten salt. 
A modification of this method is to diffuse tracer 
into the capillary. This leads to simpler experimental 
technique with melts since both filling and diffusion 
can be conducted in the one furnace. Short diffusion 
times are usually used with this method so that the 
diffusion will not be restrictive. 
Diffusional Equations. 
Fick's second law of diffusion strictly applies since 
the diffusing substance is in trace amounts 
= 
In the case of restricted diffusion the boundary 
conditions which apply are: 
at t = o, C = 0
0 
for o( x(L and C = o for x) L 
at t ) o, C = o at x = L and Limit ~ 0- o 
X - +o b X 
where Dis referred to a volume fixed reference frame. 
The equation can be solved by assuming a concentration 
9. 
distribution of the following form for restricted 
diffusion23 
f(x) = an cos ( 2n + l)1r x 2L 
or by using the separation of variable technique
24
• In 
this case the former method will be used. The conditions 
are satisfied by an equation of the form 
oc 
C = ~ 
n=O 
( 2n + 1 )1r x 
an cos 2L 
Where, by Fourier analysis 
L 
a - _g ff (x) 
n - L 
cos ( 2n + l) 1rx dx 
2L 
0 
For a constant initial concentration C0 
L 
a = _L2 f Co 
n o 
(2n + l) 1rx 
cos 2L 
= 
4 C
0 
(-l)n 
1r (2n + 1) 
dx 
Therefore the solution of the differential equation is 
4 C oc n 
C = --;-2 ~ ~;l~ +l) 
n=O 
(2n + l)1rx 
cos 2L e 
2 2 2 
-D(2n+l) 1r t/4L 
10. 
The average composition is given by 
L 
cav = f f a d L 
0 
= 
8 C ~ l 7 ~ (2n + 1) 2 e 
2 2 2 
-D(2n+l) n t/41 
n=o 
whence 
C oc J.!_ L s C - 2 2 
o n (2n+ 1) 
n=O 
e 
2 2 2 
-D(2n+l) n t/4L 
Fortunately the series converges rapidly and for 
values of Dt/12) 0.3 the first term of the series only 
needs to be used to calculate the diffusion coefficient. 
Easy handling of experimental data is achieved by 
using a suitable sized graph of calculated values of 
Cav/Co against chosen values of Dt/L2• 
For the case of free diffusion into the capillary 
Fick's second law can be solved to give 
C = C
O 
erf c ~ 2 x Dt. 
from which the total diffusate is derived 
0-4 
.f9Y.. 
Co 
0·3 
0·2 
0-1 
0·2 
Fig 1 ·1 
Solution to the open- ended capillary equation 
~ 8 ~ 1 { 2 1a D t } Co = ll'L l2n+1l' exp -lT 12n+1 4 L.* 
0·4 
n:o 
D-6 
Dt/L2 
O·I 1·0 1·2 
I-' 
I-' 
. 
12. 
If the bore of the capillary has a small degree of 
taper a correction can be applied25. 
Errors and End Effects . 
While in theory the open-ended capillary method is an 
absolute one, in practice, difficulties are associated 
with maintaining the necessary boundary conditions. Two 
general effects can be distinguished. 
First, when a boundary is formed or broken between the 
capillary and bath liquids material may be mechanically 
swept out of the capillary mouth . In the case of 
diffusion of radioactive material out of the capillary 
the breaking of the boundary is relatively unimportant 
since the concentration of r adioactive material in the 
region is virtually zero. Ou the other hand , an 
immersion error is possible and could lead to hig 
diffusion values. In order to avoid, as far as possible, 
this effect a medium sized drop of liquid is usually 
deposited on the top of the capillary before immersion 
in the bath. By conducting short term diffusion runs in 
aqueous solution Mills and Kennedy26 , Krauss and Spinks27 , 
Mills and Adamson28 found losses of 1.3%, 0 .5% and 1.7% 
of the capillary contents respectively. The latter 
result was obtained under stirred conditions so that any 
difference could be attributed to superimposition of a 
26 
scooping-out effect due to stirring. Mills and Kennedy 
showed that, under their experimental conditions, the loss 
of 1.3% at the start of diffusion corresponded to an 
error in the diffusion time of 100 seconds which was 
negligible in comparison with total diffusion time of 
l-3xl05 seconds. Therefore for diffusion out of the tube 
13 . 
this effect is negligible . This would not be the case 
with short duration free diffusion experiments where 
errors of up to 3- 17~ can be expected . 
While diffusion into the capillary presents 
attractive experimental features it has the disadvantage 
that any immersion or emergence errors involve the 
maximum concentration which is maintained at the mouth . 
Immersion errors will only be significant when short 
diffusion times are used . The error due to mechanical 
disturbance on emergence is not likely to be large as the 
concentration in the region is similar. A more 
significant error will be caused by thermal contraction 
drawing into the capillary part of the drop left clinging 
to its top in the brief period between withdrawal and 
cleaning of the tube . The total effect of these errors 
will make this method very inaccurate . 
Second, to prevent accumulat ion of radioactive material 
at the capillary mouth a certain rate of flow is 
necessary over the capillary face . If the flow rat e is 
too great mechanical convection will lead to a difference 
between the effective and geometrical lengths of the 
capillary o This has been termed the A L effect by Wang
20 
who used capillaries of different lengths for its 
elimination. Unfortunately , as has been pointed out , the 
errors involved in the capillary method (!o.?-1.7~) are 
of similar magnitude to those associated with the ~ L 
effect i . e . about ±1 . 0o, so this approach is not entirely 
satisfactory29 . 
Mills21 has shown that, in aqueous solution , if a flow 
rate of liquid in the range l-3mm/sec (Re= 5. 3 to 16) 
is passed over the capillary face then the measured 
14. 
diffusion coefficients coincide with those accurately 
determined with the diaphragm cell. It was concluded 
that the £:i. L effect must be negligible under these 
conditions possibly due to a cancelling of errors. This 
view is reinforced by the fact that using these optimum 
conditions in a continuous monitoring method (precision 
!o.2%), Mills and Godbole 22 were able to test the 
Onsager limiting law for trace-ion diffusion . With 
molten salts there are no independent accurate data 
against which a flow rate can be optimised as giving a 
negligible .6 L error. In consequence, two indirect 
approaches to the problems can be distinguished. 
In one approach, an attempt is made to select flow 
conditions (usually by rotation of the capillaries in the 
melt) under which the £:i. L effect will be minimal. As a 
first approximation the flow rate specified above 
(l-3mm/sec) has been used by some investigators without 
considering the effect of the different conditionso 
Obviously, to achieve identical flow condition with 
differing basic parameters the Reynolds numbers must be 
made the same. Fortunately, in many of these cases the 
geometry of the system and the physical properties of 
the molten salts have given Reynolds numbers overlapping 
the range used by ills21 in the original work in aqueous 
solution, so the use of these flow rates for molten salts 
is justifiable in such cases. The absence of end errors 
greater than experimental has been verified by using 
capillary of different length or by using different 
diffusion times3°. Unfortunately conditions applicable 
in aqueous solution do not apply in molten salts even at 
identical Reynolds numbers. This is in some measure 
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16. 
illustrated by a comparison of the effect s of stirring 
on the diffusion coefficients in aquea.is solutions and 
molten salt s given in Fig.1.22l,30-33 . Experimental 
temperature control and flow are much less rigorous in 
the case of molten salts and the experimental errors 
involved (±1-3%) mask eff orts to determine the magni t ude 
of the 6 L effect for a range of flow rates. However, in 
regions of very low or high flow rates the errors caused 
by the 6 L effect are so large (according to Bocura32 
)105~) that it is possible to determine the values in 
these regions by using capillaries of differing lengths o 
The alternative approach adopted32- 34 has been to 
find a plateau.. in the flow rate versus diffusion 
coefficient curve (usually at higher Reynolds numbers 
than t hose used above); employ a flow in this region 
and then estimate the 6 L produced and correct for it . In 
a recent study34 this 6 L has been related to physical 
parameters by an empi rical equation established for 
aqueous dye solutions using dimensional analysis . 
~ L = f( v~ d) = f(Re) 
Use of this formula in molten salts can be criticised 
firstly for the inapplicability of aqueous solution work 
to molten salts as mentioned above . A more serious 
criticism is that rather large corrections (of the order 
of 10- 20%) of unknown accuracy may be involved which 
adversely affects the overall precision of the results . 
This is particularly the case with diffusion into the 
capil lary since the short diffusion times involved almost 
17. 
certainly means that a sizeable immersion error is 
included in the correction. The quoted precision of 
this method is ±4.5-7/owhich is over twice the usual 
accuracy for the open-ended capillary method. 
It is therefore fairly well established that by choosing 
the corrected flow conditions (Re = 5.3-16) the 6 L 
effect can be made negligible within experimental error. 
If the capillary diameter is too large the measured 
diffusion coefficients are high due to convectional 
disturbances within the capillary. In aqueous solution 
no detectible difference has been found for diameters 
between 0 .4 and 1.2mm. a and Swalin35 suggest the 
effect is more marked for melts, particularly at 
temperat ures above 700°c and for this region 1mm diameter 
tubes and above are unsatisfactory unless they are 
inclined 30° from the horizontal. Rohlin and Lodding36 
claim the effect is noticeable for capillaries above 
0.4mm diameter and that its magnitude decreases with 
temperatur e rise. However, in both t hese cases the 
magnitude of the error involved is well within the usual 
experimental accuracy and the effect they suggest appears 
to be unreal. Most other workers imply that the effect 
of diameter is not important for capillaries of 1.5mm 
diameter or below. 
easured Coefficients. 
The open-ended capillary cell with diffusion out of 
the tube is generally accepted as being the most accurate 
for diffusion coefficient determinations in melts . It 
has given, to date, the most reproducible results. Of the 
measured coefficients shown in Table 1.1, those for 
alkali metal halides were determined under free diffusion 
18. 
conditions following the stirring plateau concept of 
Bockris32-34 and are for diffusion into the tube with 
the exception of the first set of results. Consequently, 
these results are of poor accuracy; much worse in fact 
than the estimated errors quoted indicate. In such 
cases the errors are bracketed as they are only 
estimates and the results do not allow evaluation of the 
actual errors in D. Further, t here is marked i nconsistency 
shown between individual sets of results e.g. ~E for Na+ 
in NaCl is quoted as -4.0, -7.86±0.11 and -6.8±0.50 
Kcal/mole. Other results in this class with even greater 
quoted errors in .6 E (!20%) have been omitted37 • 
1.322 Diffusion Couple Cell. 
With this method, free diffusion is carried out in a 
uniform capillary which is initially filled with 
i s otopically active and inactive melt in its bottom and 
top sections. Solutions of Fick's equation under these 
conditions gives 
C = 
Co 
2 
erf c _.:.:x~ 
2/nt 
from which the total diffusate is derived 
Q = Co A/Pi 
The method is prone to inaccuracy due to uncertainties 
in the time of commencement and termination of diffusion, 
a lack of definition in the initial boundary formation 
and disturbance of the tracer distribution at the end of 
19. 
Table 1.1 
Trace-ion Diffusion Coefficients in 1olten Salts 
Open-ended Capillary ce1116 ,30,32-4,37-44 
I 2 -1 D= A 0 exp AE RT cm sec 
Trace Melt 
ion 
Tl+ TlCl 
Li+ 
NO~ 
Na 
N03 K+ 
NO~ 
Cs 
NOi 
Ag 
N03 
NaCl 
II 
LiNO 3 
II 
Zn++ ZnBr2 
Pb++ PbCl 
Cl- II 
Cl II 
II 
II 
II 
II 
II 
-33°3 
II 
-37.0 
II 
II 
II 
II 
II 
II 
7.6 
8 .0 
33.0 
24.7 
19.5 
12.9 
9 . 0 
13.2 
14.2 
11.3 
17 .8 
4.9 
3.1 
7.73 
8 . 95 
23 . 4 
29 . 2 
14 . 4 
19 . 6 
13.1 
-AE 
K cal/mol 
4 .6'!0.13 
4.0 
8.5 
+ 5.49-.11 
+ 6. 34-.27 
+ 4.97-.08 
+ 5.08-.08 
+ 5. 53-.20 
+ 5.76-.26 
+ 5. 61-.27 
+ 6.28-.38 
+ 3.73-. 08 
+ 3. 84-. 37 
6.78'! . 64 
6. 10±. 41 
9 .86°!.24 
7. 40± . 54 
12 . 80±1. 09 
+ 
6. 61-. 57 
+ 8 . 41-. 57 
+ 6. 44-. 42 
foe rror Temp.Range 
in D. 0 c 
" 
+ 
-1.5 
+ 
-2.5 
+ 
-1.5 
+ 
-1.0 
+ 
-1.5 
+ 
-1.5 
±1. 5 
±1. 5 
±1.0 
+ 
- 4.0 
+ 
- 2. 2 
+ 
-2. 3 
±s .9 
±8 . 3 
±3. 3 
+ 
- 3.1 
±3.5 
+ 
-2.5 
487- 577 
825-942 
II 
264-320 
" 
313-376 
II 
344-389 
II 
428-478 
II 
219-289 
" 
510- 566 
II 
449-570 
II 
450- 575 
II 
448- 575 
II 
20. 
Trace Melt Ax104 - ~E foerror Temp.range 
ion D Kcal/mol in D. 0 c. 
Cd++ CdC12 
-5 :!:2. 2 601 D=2 .68xl0 
-5 + Cl- II D=2.53xl0 -2.3 601 
Cd++ 0.037Cd/CdC12 
-5 (±2.5) 585 D=2. 5 xlO 
Cl - II II -5 D=2 . 3lxl0 II II 
Cd++ 0.106 II D=2.34xl0 -5 II 11 
Cl - 0.103 II -5 D=2.25xl0 II II 
Cd++ 0.130 II D=2.32xl0 -5 II II 
Cl - 0.132 II -5 II II D=2.28xl0 
Na+ NaCl 33.6 + 7.86-.11 (±3) 831-985 
Cl- II 30.2 + 8 .39-.04 II 840-983 
Na+ NaI 6.3 + 4.0B-.05 II 670-794 
I- II 4.3 + 4.42-.06 II 674-797 
Rb+ RbCl 25.1 + 8 .01-.06 11 745-877 
Cl - II 16.7 + 7.42-.07 II 740-880 
Cs+ CsCl 17.3 + 7.32-.05 II 670-794 
Cl- II 24.6 + 7. 82-.08 II 668-791 
+ 
Na NaI 10.9 + 5.02-.77 (±7) 675-782 
I- II 18.8 + 7.21-.76 II 673-785 
Na+ lWl 7.3 + 4.70-1.14 II 791-914 
Na+ NaI/KCl 20.8 + 6.59-.38 II 655-833 
Li+ NaCl + 13.8-0.25 + 5.45-.45 ( :!:9) 816-975 
Na+ II + 14.9-0.47 + 6.80-.50 II 837-973 
K+ fl + 19.2-0.66 + 6.78-.55 II 831-967 
Rb+ II + 20.4-0.54 + 7.14-.57 II 832-975 
cs+ II + 35 .7-0.94 + 8 .62-.67 II 831-974 
Cl- Tl Cl 7.7 4,40±.13 445-595 
ir-------------"'!1111111 -
21 . 
diffusion. These have been overcome to some degree by 
initially separating the two sections of the melt in the 
tube by a small vacuum bubble46-47. Diffusion can be 
commenced by forcing the two sections together under 
pressure . A certain degree of boundary disturbance is 
still in evidence mainly due to surface tension effects . 
Termination of diffusion by solidification results in 
disturbance of the t r acer distribution because of 
contra ction of the material o An attempt to overcome this 
by using controll ed cooling along the capillary tube has 
not been entirely successful . The coefficients obtained 
were about 60% of those given by the open- ended capillary 
cell and they did not conform to the usual Arrhenius type 
correlation45 • The best approach has been to terminate 
diffusion by breaking the capillary at the initial 
boundary point and to use the total di ffusate equation
46
-
4
~ 
However, this approach is only practical for melts in a 
certain critical surface tension regi on . Resul ts 
obtained have been in fair agreement with t he open- ended 
capillary cell (-7% to -1770). This modification is 
extremely complex and requires skilful manipulation and 
therefore really offers no advantage . 
l.323 Porous Frit . 
This relat ively simple method has been adapted from 
the diffusion measurement of high polymers48-5°. In 
principle the diffusion takes place from both faces of a 
thin porous disc into a lar ge melt bath . The boundary 
conditions are basically those of the open- ended 
capillary cell, so 
22. 
8 Co 
Cav = rr 2 
Il : OC 
L 1 - ( 2n+ 1 ) 2 rr 2nt 
n = o 
exp L2 (2n+l) 2 
where L = disc thickness 
Table 1.2 
Tra ce-ion Diffusion Coefficients in Molten Salts 
Diffusion Couple Cell45-47. 
D= ADexp Ll E/RT cm2/sec 
Trace Melt Axl04 -Ll E %Error Temp.range 
ion 
I) 
Kcal/mol in D oc. 
Cd++ 3~'oKCl/CdC12 
-5 (!3) 470 D=l.24xl0 
-5 40% II II D=l.30xl0 11 11 
50% " n D=l.45xl0 -5 11 11 
60% 11 II D=l.40xl0 -5 11 11 
66% II II D=l. 37xl0 -5 11 11 
Zn++ ZnBr 4050 + 19-0.6 400-564 
The pores are chosen such that bulk flow and wall-
effects are absent. Immersion errors are present but are 
only significant for short diffusion times. More serious 
errors are introduced by diffusion from the disc ends 
and the ..6L effect over the disc faces. 
The method is not an absolute one and consequently 
needs calibration. In aqueous work this is done either 
directly or indirect1, against KCl solutian. In the 
latter case the diffusion is followed by weighing the 
frit and applying the derived equation 
' 
. 
,, 
23. 
to obtain the relative value of the diffusion 
coefficients, In the case of molten salts a labyrinth 
factor, F1 , is determined by direct calibration against 
a melt of known diffusion coeff i cient or fr om conduction 
measurements of the frit saturated with a material of 
known specific conductance K. 
Djordjevic and Hills51 using this method obtained 
+ = 
anomalously high diffusion coefficients for a and co3 
in sodium carbonate melt . The reasons are difficult to 
determine but errors could be due to bulk flow, filling 
and/or extraction of the porous disc and the determination 
of the labyrinth factor. The latter was determined at 
ordinary temperatures using sodium chloride solution. 
Judging by attempts to calibrate the diaphragm cell using 
similar conduction techniques 52 , it is unlikely that the 
labyrinth factor obtained would be valid for diffusion. 
Direct calibration using for example Na2co3 melt in the 
temperature range used would have led to more accurate 
resu1ts. However, the errors involved are too large to 
be caused by the labyrinth factor alone and it is 
possible that bulk flow or incomplete filling and/or 
extraction could have taken place. Even more recent work 
with the porous frit method has led to determined 
coefficients which differ widely from the open-ended 
capillary cell e.g. Na+ in NaN03 + 12%, Zn++ in ZnBr2 
24 . 
- 5070 , Tl "" in Tl Cl - 4~o to +l~o. Further, the method has 
failed to give values in aqueous solution better than 
2- 37; of accepted figures 52-. It is clear that at present 
this method is not accurate enough . 
Table 1 . 3 
Trace- ion Diffusion Coefficients in 1olten Salts 
Porous Frit 1ethod44 , 5l . 
Trace Melt 
ion 
D= A0 exp llE/RT cm
2/ sec 
104 -~ E 
cal/ mol 
Na+ Na2co3 
- 5 D=l9 , 2x10 
-·5 D=27 . 9xl0 co= 
Zn~ 
Br-
Tl+ 
Cl-
II 
ZnBr2 
II 
Tl Cl 
II 
802 
1140 
239 
168 
1.324- Diaphragm Cell. 
+ 16 . 90-. 99 
+ 17,05-.50 
+ 10.15-.29 
+ 9. 31-.30 
%error Temp. range 
in D 0 c. 
+ 
- 0. 04 
+ 
-0. 09 
895 
II 
449- 556 
416-548 
437-549 
438- 539 
The method has been adopted from that ori ginally used 
in aqueous solution by lorthrop and Anson53- 4 • The 
basic idea is to confine the steady state diffusion 
between two materials to the capillary pores of a sintered 
diaphragm. Magnetically driven stirrers on the diaphragm 
surfaces ensure the maintenance of a uniform concentration 
of material in each compartment . Bulk streaming through 
the diaphragm is eliminated by correct choice of pore 
s ize (15µ). When t he cell is filled car~ is taken to 
ensure the whole diaphragm is saturated with material. 
Normally the cell is equilibrated until steady state 
• 
25. 
conditions are achieved before a run is commenced. 
D ln 
The method is not absolute and in aqueous solution 
the cell is calibrated directly using a material whose 
diffusion coefficient is accurately known. Calibration 
u sing c onductance methods has proved less reliable . 
Calculation shows that for low temperature melts it is 
possible to use calibration determined for aqueous 
solutions without introducing substantial errors (!o. 510) . 
A better approach would be to calibrate in the temperature 
range to be used against a suitable melt whose diffusion 
and conduction data is known reasonably accurately . 
Substantial agreement is claimed between all these 
calibration methods for low temperature melts55 • 
Using this method Laity and iller 55 have determined 
the diff usion of Ag+ for dilute solutions of Ag~o3 in 
0 Na~o
3 
at 310 C under conditions closely approximating a 
condition of constant mass . The diffusion coefficient 
of 1.96 x 10-5 cm2/sec obtained was concentration 
independent and in agreement with open-ended capillary cell 
results for Ag+ in AgNo3• The experimental error was 
!4.5~ which is higher than the open-ended capillary cell 
in similar media and considerably higher t han for aqueous 
diaphragm cell work . The method has proved difficult to 
adopt to molten salts but it possibly will find increasing 
use in these media with further development . 
26. 
1.325 Cloth strip technique. 
With this method, a small drop of radioactive melt 
is placed on an inert cloth strip e.g . of asbestos or 
glass , which is impregnated with inactive melt . After 
a suitable time interval the Gaussian distribution 
curve of the isotope concentrat ion resulting from 
diffusion is determined by a scanning technique . The 
tracer diffusion coefficient is then calculated by the 
infinite cylinder equation 
C = 
Co 2 
2~ exp -x /4Dt 
Results56 , 57 obtained with this method have been of a 
low accuracy (±7%) and have been widely different from 
other methods (±25%). 
1 .3,6 Polarography . 
Polarography is based on the characteristics of the 
current-voltage curve obtained on electrolysis of Red- Ox 
solutions using a microelectrode . The current eventually 
comes to a steady state value that is dependent on the 
diff sion rate of the particular ion from the bulk of 
the s olution t o the electrode surface. The system is 
complex and various equations have been derived linking 
the limiting current and diffusion coefficient for 
particular electrodes. The most important is t11e Ilkovic 
equation for a dropping liquid metal electrode 58 
Because of complication by such factors as depleti~n, 
27. 
back pressure, shielding and convection effects doubt 
exists as to the value to assign to the constant A. 
Wang•s59 measurement of tra cer diffusion coefficients 
(Pb++,zn++ Tl+ in various aqueous electrolytes) seemed 
to favour the Strehlow-Von Stackelberg60 value of 17 
although the agreement is not entirely satisfactoryo 
On the other hand,Los and 1urray61 using the Lingane-
Loveredge58 value of 39 and end point currents were 
within -3.5% of Wang's experimental values. Agreement in 
this latter case is not surprising as two major sources 
of error,namely the depletion and back pressure effects, 
are minimal. As yet this promising modification has not 
been applied widely. 
Many attempts have been made to measure diffusion 
coefficients in molten salts using this technique. The 
experimental conditions are naturally more difficult than 
in aqueous solution and there is a lack of data with which 
comparison can be made 62- 5 • Delimarskii and Markov62 
list pola rography diffusion coefficients for various ions 
and supporting electrolytes. The values given for Ag+ 
in KN03NaN03 eutectic at 300°c are over twice those 
determined for Ag+ in o3 at 310°c by the diaphragm 
ce1155 • The accuracy at present is about ±5-10%63 • It 
appears,therefore, that present diffusion results from 
polarographic measurements are at variance with those by 
other more accepted methods. 
Another allied method which could be included with 
polarography is that of chronopotentiometry. Briefly it 
is constant current electrolysis at a solid electrode 
under linear diffusion conditions. The important 
28. 
measurement is ,' the transition time taken for the 
electrode surface concentration to become zero. The 
appropriat e equation is, 
= 
from which the diffusion coefficient can readily be 
calculated . 
The method has given diffusion coefficients for 
molten salts which are in agreement with t hose from 
polarography determinations65- 67 • The results are, 
therefore, open to the same criticisms as polarography . 
1.33 General Discussion of Diffusion Data . 
Diffusion studies have enabled several very general 
observations to be made regarding ionic melt structure 
and transport mechanisms. 
The magnitude~ of the measured diffusion coefficients 
for mol ten salts lie in approximately the same range as 
those in aque ous solution, the liquified rare gases and 
even the molten metals . This similarity at widely 
d ifferent temperatures may be due to the measurements 
being made at roughly the corresponding state. 
The smaller ion in a melt generally possesses the 
higher diffusion coefficient regardless of charge polarity . 
It has been suggested from this that the smaller ionic 
volume involved enables them to fit more easily between 
opposing ions. 
The diffusion coefficients have been found to conform 
to the rat e equation, 
29. 
in some cases over a considerable temperature range • 
.llE is strictly the Arrhenius coefficient but is usually 
termed the activation energy for diffusion and is supposed 
to depict the energy barrier which must be overcome for 
diffusion to proceed . The activation energy for cation 
and anion migration in a particular melt are almost the 
same and increase somewhat with increasing cat ion size . 
It has been deduced from this that the measured 
activation energies reflect a combination of diffusional 
mechanisms. Further the activation energies are very 
s i milar for the same cation valency sta~e; there being a 
sharp increase as the cation valency is increased. This 
indicates the near equivalence of the potentials acting 
between ions in a melt to restrict migration68 • 
1.34 Diffusion Theory. 
Many theories have been proposed to explain diffusion 
phenomena and allow diffusion coefficient prediction. Of 
these only the most promising will be briefly discussed . 
1.341 Non Equilibrium Statistical echanics. 
Several very similar theories of liquid transport 
process es have been proposed by a number of authors based 
on conceots taken from Brownian motion theory69- 74 • The 
assumed liquid structure is quite general with the 
principal restriction that it is composed of spherical 
molecules. Further simplifying assumptions are introduced 
at later stages of the treatment to r€nder the mathematical 
derivation tractable. 
The equations are of the general form, 
u 
II 
Ill ;:;.... 
E 
u 
Fig 1·3 
0-8 
\.>I 
0 
31. 
D = kT/S 
'r 2 = / _Jo: 2 ( ) ( 2l ) 3 J Nm 3V "7R
1
,_ V R ,, g o ,R ,2 d R 
0 
there being discrepancies in the preintegral term between 
theories . This approach has given only qualitative 
agreement with results for liquids such as the rare gases, 
methane and neopentane74- 5• The underlying idea seems 
to be correct but at its present stage of development 
any calculation of transport coefficients are made using 
questionable assumptions. 
Using a simpler model of the liquid state, the rigid 
sphere model, Collins and Raffe176 derived the hydro-
dynamic friction coefficients containing only the apparent 
mole cular diameter as the unknown paramet er. Its 
evaluation, using the uniform potential free volume theory , 
has given calculated values of diffusion coefficients of 
organic liquids (at 15°0 of the order of twice the 
experimental values, with a tendency to approach closer 
with temperature rise o 
3 ( t rr ,u kT ) t M
0 
n o;-~(1 - v /v) 
0 
s = 
Longuet-liiggins and ople77- 8 calculated transport data 
by a more r igorous approach introducing the radial 
distribution funct i on for rigid sphereso 
32. 
While the calculated results are of the correct order 
the absolute expression cannot really be expected to be 
accurate because of the neglect of intermolecular 
forces. However this effect can be introduced in a 
sense by replacing P by the thermal or kinetic pressure 
Pi. 
P. 
1 
= (.il,) ~ T(~ ) 
?, V T ~ T V 
However , using this modification, calculations on 
organic liquids at ordinary temperature have led to 
values within - 6% to +260C~ of experimental data which is 
far from satisfactory. 
Bearman79, using a combination of statistical mechanics, 
the so- called phenomenological relations and concepts 
from regular solution theory, derived a relation which, 
although it does not allow explicit evaluation of 
transport data, reduces to Do: 1/V a concept very similar 
to the cell model. This relation permits comparisons 
to be made between diffusion data but so f ar experim~ntal 
agreement has only been within +26~ for organic liquids . 
L342Quas i-lattice Vacancy model . 
This is the simplest model for an ionic liquid which 
2 80 has yet been proposed' • It assumes that short-range 
elements of the solid lattice persist in the liquid state 
together with a sufficient number of vacancies (mainly 
Schottky) to explain the volume change on melting. 
Diffusion is pictured as proceeding by definite jumps 
either into a vacancy or by mutual interchange of ions . 
The theory uses macromolecular hydrodynamics (Stokes-
33. 
Einstein equation) to derive 
D = 
Cf = 
A E = 
- A E 
e Cf e RT 
The energy barrier for diffusion A E is interpreted as 
being a combination of the energies for vacancy formation 
and ionic jumping 
A E 
81-2 Grosse extended the theory and by using an empirical 
relationship for viscosity derived 
k 8 [V] f " - A E D = ~ - e 1 e RT 
6 h N 
which correlated well for diffusion data for liquid metals. 
l.343The Hole Theory. 
This model does not make use of the quas i-lattice 
hypothesis but regards the volume increase on melting to 
be caused by the introduction of randomly distributed 
vapour filled holes arising from density fluctuations in 
the liquid continuum. The diffusion equation can be 
derived from the work of FurthS3-5. 
The viscosity is, 
'>J = (2/3) rn / 21t m k T exp( AEH /RT) 
34. 
where the activation energy for diffusion is assumed 
to be the energy of hole formation. Strictly it sh01ld 
include the activation energy for jumping AE.. However, 
J 
the ease of jumping of a differently sized cation and 
anion would most likely differ considerably, whereas, 
the difference between measured cationic anionic 
activation energies is very small. From t his it has been 
assumed that the activation energy of hole formation is 
the dominant term and can as a first approximation be 
assumed to be equal to the activation energy for diffusion. 
So 
and the most probable hole volume is 
VH = O. 68 (kT/ Y )3/ 2 
At the melting point these equations give 
now to allow for the effect of expansion upon the hole 
formation 
Using the Stokes-Einstein 
yield 
relation these equations 
1 j m 1 
D= 3. 7 3 2 7t k . T .:t.. r exp 
-3.74RTm 
RT exp 
B (T-Tm) 
RT 
35. 
Assuming that intermolecular forces in the liquid 
follow a solid state or quas i-lattice behaviour, the 
mutual potential energy between two particles is 
1\ 
nm [-L [::]ma !r [ ::] Dr J r a = u + n -m m r a a 
1 d ¢r r d e/>. Thus if = _o ~___r il d T u dr 
1 d ¢r nrma [ [rfa +l -tf r +l-
= u d T n -m r 5 r s r a 
Assuming that the rate of change of ( A EH)T with T 
is the same as that of ¢ with T only of opposite sign 
B = 
nm 
r a 
n -m 
r f;L 
Assuming Lennard-Jones potential applies 
Using this theory Bockris et al found that the 
activation energy for diffusion of melts could be 
predicted within about ±1()%, if .D. E. was neglected33,s7• 
J 
This is quite a valid assumption in 1/1 melts if the ion 
sizes are not vastly different. If, however, this is 
not the case it becomes increasingly difficult for the 
larger ions to fit into the available holes43 . Diffusion 
36. 
of Na+ in NaN03 under constant volume conditions has 
enabled the contribution of A E. to the total activation 
37J 
energy to be estimated at 16% . 
Another modification of the hole theory is the micro 
jump density fluctuation theory of Swalin88- 9 originally 
proposed for liquid metals 
where ?i is related to the potential-distance curve 
The theory predicts no unique activation energy for the 
diffusional process. Nevertheless a plot of ln D vs 
1/T will give a linear relation in a limited temperature 
range. Predictions for molten metals differ from 
measured diffusion data between +380 to -50%36 , 88-9. 
The activation energy shows more agreement in most cases 
but discrepancies of up to !38% are obtained. Bockris 
has concluded that this model is inconsistent with data 
for ionic melts33. 
L,44Liquid Free Volume Theory. 
This theory was developed primarily to explain 
transport phenomena in the glass region found between 
the liquid and solid state. The basic ideas are those of 
the hole theory that transport proceeds by movement into 
the redistributing free volume of the liquid or glass . 
Two restrictions are applied to transport processes; 
firstly there exists a temperature below which the free 
37. 
volume falls below some critical value, and secondly 
movement is only possible into voids with a size greater 
than some critical value. 
D = * * g au exp (- Y.v /vf) 
where 
= and u = (3 k T/m)t 
* Assigning appropriate values to T , Y, , v and g, 
0 
Cohen and Turnbull were able to show that the theory 
predicted the general form of the diffusion and viscosity 
data for certain organics and liquid metals90• Angell 
has applied this reasoning to molten salts91 • 
1.345 Kinetic Theory. 
Eyring et al3,92 by using a combination of the hole 
theory and the theory of absolute reaction rates have 
developed an equation for diffusion in liquids. The theory 
is actually an extension from the solid state so quasi-
lattice concepts are introduced to enable certain 
parameters to be evaluated. 
)\ 2 (!;j AE D = -- exp - vap .J-V l nRT f 
vf 
b RT [;r = A E 
vap 
Diffusion coefficients calculated at ordinary 
temperatures for organic liquids and aqueous solutions 
38. 
are about twice and half the observed values respectively. 
Molten metals, on the other hand, need a correction for 
ion size before the above equation can be employed. 
Experimental evaluation of the activation energy from 
isobaric viscosity data has been employed but use of this 
value is only justified if a factor v-v
8
/vk is 
included in the pre-exponential factor. 
1.346 Frictional Coefficient. 
The frictional formalism was developed by Klemm93 and 
Laity94 based on the irreversible thermodynamic approach 
of Onsager. 
The thermodynamic force acting on each component may 
be written as 
h 
Ki= - V ( f" i ±zi Fvp ) = ~ rik~ (\\-vk) 
(i = 1,2 ... n) 
For an electrolyte composed of only two ionic species 
f\ /12 = (z + z )/r + - +-
D++/RT = (z + z_)/z+ r + z_r++ + +-
D /RT = (z+ + z_)/z_ r+- + z r 
-- + --
Using the equations Laity has calculated and discussed 
the frictional coefficients for a number of molten 
salts94 • 
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1.34 7 L Formalism. 
Laity95 has extended another irreversible thermodynamic 
approach of Onsager to the molten salt field 
-J. = L .. v'f" - + L .. vµj J. 1.1. l. l.J 
-J. = L 'v j.J i + L .. 'vf j J ij JJ 
L\/F2 = z L /c + z L /c - 2z L /c + ++ + - -- - + +- -
D+/RT = L++/c+ 
D_/RT = L /c 
-- -
L values have been calculated for a number of molten 
salts. 
1. 348 Conduction Correlations. 
ernst-Einstein Equation. 
This equation linking conductions and diffusion applies 
to very dilute aqueous electrolytes and in some case s to 
i onic crystals. For an electrolyte 
~ = 
Positive deviations which i ncrease with temperature 
are usually encountered in ionic melts32- 4 ,96• These 
deviations have been attributed to pair ions in the melt 
which contribute to diffusion but not to conduction. 
Criticism of this explanation has been made on 
theoretical and experimental grounds95 ,97- 8 , and an 
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alternative explanation based on mutual ionic inter-
ferenc e has been advanced95 , 98 • 
1. 349 Viscosity Correlat ions. 
Stokes~Einstein Equation. 
D = kT/6 ,C r -ry 
The tokes-Binstein equation only applies to large 
macro molecules in a liquid continuum and therefore it 
is not surprising that only fair agreement has been 
obtained for ionic or molecular diffusion in liquids99,lOO. 
Eyring bsolute eact ion auation . 
D 
The equation is of similar form t o the tokes-
Einstein equation but purports to predict data in the 
region where t he diffusing entity and t he medium are of 
similar dimensions3• Agreement with experiment is 
reported to be good in the case of liquidified paraffins 
and poor f or molten salts and metals101 , 2• 
hyring Significant Structures Equation. 
Eyring et all03 have been able to derive the equation 
..I-
D = k T/ ~ (V/N) 3 '17 
using a model similar to the hole theory but including 
elements of both crystallite and gas-like natures . 
Despite t he implausibility of its assumption the equation 
gives fairly good agreement with molten metal data104 , 5• 
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Arnold Kinetic Equation. 
Arnold106 applied kinetic gas theory to liquid 
diffusion together with certain corrections to allow for 
the closer molecular spacing and obtained 
The equation is reported to be only applicable to dilute 
solutions to any degree of accuracy and has the added 
disadvantage that experimental evaluation of the associa-
tional correction terms A1 , 2 is necessaryl07. 
1.4 DEN ITY. 
The accurate measurement of density is essential for 
conversion from specific to equivalent conductances. 
Furthermore density studies are of considerable value in 
investigation of liquid structure by permitting 
calculations of quantities such as partial molar volume 
and expansivity. 
A characteristic of all methods successfully applied to 
the determinations of melt densities is that measurements 
are made relative to a stable reference solid in thermal 
equilibrium with the melt. Consequently the reliability 
of the reference solid expansion data is the limiting 
factor for overall accuracy. With most methods frequent 
calibration against water or Hg at room temperature is 
desirable to detect volume changes owing to annealing or 
corrosion. The usual methods of density measurement are 
Archimedean, Pye ometry, Pressure methods and Volume of 
fusion . Extensive reviews have shown the Archimedean 
method to be the most accurate and convenient for molten 
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salts108-9 . 
The simplest form of the Archimedean method consists 
of a solid reference bob, suspended in the melt by a wire 
from the arm of a balance . The density is given by the 
mass equation. 
Weie;ht bob vacuuo - Buoyancy Bob melt+ Surface Tension 
effect + weight suspension vacuuo - Buoyancy suspension 
air= weight masses air 
Where , Buoyancy Bob melt= Volume Bob melt x ~ melt . 
Deleterious effects of melts having appreciable vapour 
pressures can be avoided by use of a partially covered 
crucible or a covering melt . Condensation of material on 
the suspension wire can be r educed by use of suitably 
placed cooling coils on the furnace top or by a steady 
back flow of 5 as pat the suspension wire . 
A considerable amount of density data has been 
accumulated on molten salts. For most of the alkali metal 
halides and nitrates smooth curves have been obtained for 
plots of molar volume agai nst molecular weight, interatomic 
distance, expansitivity and other properties of the 
constituent entities of the melt . However the exact 
dependence of molar volume upon those fundamental properties 
so far remains unknown . 
Comparison of density data for different melts is 
usually made at a rough corresponding temperature based on 
the melting point . 
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The molar volume for molten salt mixtures is 
calculated us.ing the formulae 
V = 
Many mixtures show a linear additivity even when the 
conduction isotherms show deviation. Others show 
positive or negative deviations. o/Oad.man et alllO have 
evoked Klemm's rule111 to explain the deviations as being 
due to altering interatomic forces. Klemm noted that, 
other things being equal, the weakened intermolecular 
forces in a covalent melt result in a larger molar volume 
than in ionic melts which possess a strong Coulombic 
field force. 
1.5 CONDUCTION. 
Conductance studies in a melt make it possible to obtain 
information on such variables as the nature of the basic 
entities, the electrovalency or covalency of the system, 
dissociation, inter-and intramolecular forces, the nature 
of the ionic conductance process,deviations from ideality 
by the system, temperature effects and the structure of the 
melt. 
The electrical conductance of ionic melts is usually 
measured by methods similar to those used in aqueous 
electrolytes. Because of the high conduction of ionic 
melts a capillary cell is normally employed to raise the 
resistance high enough so that acceptable accuracy can be 
achieved with a good quality conductance bridge. The cell 
0 is generally calibrated against aqueous ~Cl at 25 C. 
Details of cell design and the corrections required for 
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thermal expansion and cell corrosion have recently been 
. 112-4 given • 
Another form of cell has been used in which two 
hemispherical electrodes are suspended in the melt. Because 
of its low cell constant a specially modified A.C. Kelvin 
bridge is required , in such a case , in order to achieve 
acceptable accuracy. This type of cell is normally used 
under extremely corrosive conditions115. 
Kroger and Weisgerber116 have found, in agreement with 
others, that polarisation phenomena are such that it is 
necessary to linearly extrapolate the appropriate 1/,j;j' 
graph to infinite frequency in order to obtain the correct 
polarisation-free resistance value. 
The following relat i ons apply for an ideal completely 
ionised melt. 
K = cell constant/R 
In a mixture M = '°f. M. e L.. i ei 
The equivalent conductances of a series of molten 
haliaes arranged in the order of the Periodic Table show 
a transition from ionic to covalent character, (reflected 
by a steady fall in conductance) when moving from left to 
right across the Table. The magnitude of the equivalent 
conductance of a molten salt is therefore a measure of its 
117 
electrovalency • 
. 118 d t . . t 1119 "d Theoretical an cer ain experimen a evi ence 
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has shown that for ionic melts well above the melting 
point the conductance follows a basic Arrhenius equation. 
About the melting point a negative deviation is normally in 
evidence. 
I\= Ah exp - ( L) E/\ /RT) 
Martin120 has linked the two activation energies by 
the relation, 
2 
L)Eh = L)E K + .J..RT 
Theoretical expectations lead to the following 
expression in the case of multi-ionic conduction. 
= ~ A >-- . exp - L\E >- . /RT l. l. 
The simple Arrhenius equation would , therefore , only be 
expected to apply if the activation energies of the 
individual conducting ionic species were almost equal or 
vastly different. However, experiment shows the simple 
Arrhenius plot to be generally applicable even in binary 
121 
systems • 
Yaffe and Van Artsdalen113 have obtained, for some of 
the alkali metal halides, slightly varying heats of 
activation which follow an equation of the form 
log /\ = A + B (1000/T) + C log(lOOO/T) 
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The apparent heat of activation decreases with 
decreasing cation size for a given anion and with 
decreasing anion size for a given cation in a similar 
type of melt . This is usually attributed to the different 
abilities of the ions to move through the micro- structure 
of the melt. However, when different types of melts are 
compared it is apparent that no definite general relation 
to ionic size exists. A general inverse relation to the 
salt lattice energy is in evidence indicating that the 
attractive forces between ions in a melt in the main 
d t . th t t' t' f d t' 122 e ermines e apparen ac iva ion energy o con uc ion • 
Yaffe and Van Artsdalen have suggested from this that the 
heat of activation depended on at least two opposing 
factors, thermal expansion of the melt and a decrease in 
average coordination number with temperature . These effects 
respectively decrease and increase the attractive forces 
and consequently ~ H. Bloom and Heymann119 have suggested 
that any sudden variation in heat of activation indicates 
constitution changes in the melt with temperature. 
The relatively large increase in equivalent conductance 
with decreasing cation size, in alkali metal halides, has 
been interpreted as due to a predominant contribution to 
electrical transport by the more mobile cation. Alkali 
metal melts containing more complicated anions such as 
nitrates or carbonates show a relatively smaller change 
indicating that the anion contributes measurably but not 
predominantly to the conductance. Furthermore the mass of 
the ion apparently plays a definite but minor role in 
determining conductance123. 
Molten salt solutions differ considerably from their 
dilute aqueous counterpart in that the solute is always 
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subject to strong interionic forces. Conductance 
isotherms for most binary molten salts show negative 
deviations from ideality. Usually these deviations are 
larger when the radius of the solute and solvent ions are 
very different . Bloom and Heymann119 have shown that 
systems in which complex ions exist, according to the 
phase diagrams etc., had strong negative deviations from 
additivity which are caused, no doubt, by the low mobility 
of the complex. A corresponding increase in activation 
energy, indicating increased difficulty in ionic movement , 
is also in evidence in such cases. On this basis small 
negative deviations could conceivably be accounted for by 
non-specific ionic interactions. 
In some cases the magnitude of the negative deviation 
decreases with temperature. This is compatable with thermal 
dissociation of ion-associates in the melt. The measured 
activation energy shows a maximum in this region because 
it includes part of the dissociation energy of the ion-
associate. 
Van Artsdalen and Yaffe113 have endeavoured to explain 
the negative deviations of the conductance isotherms, 
encountered in otherwise reasonably ideal systems , on the 
basis of the greater polarising power of the smaller ion. 
In a binary melt possessing a common anion the greater 
at traction of the small cation for the anions would 
strengthen the basic micro-structure of the melt and would 
account for the reduced electrical mobility of the small 
cation ruid the resulting observed negative deviation. 
1.51 Conduction Theory. 
A precise theoretical treatment of electrical conduction 
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is,as yet, lacking. evertheless , the approximate 
theories which exist can be useful in attempting an 
evaluation of the conduction process . 
1.511 Non Equilibrium Statistical Mechanics. 
Oldekop124 derived an equation using a combination of the 
Debye-Huckel theory and Born-Green statistical mechanics. 
~ = 
12 0- -
n 
2.)1( 
2 
a 
Both the absolute magnitude (+40 to -25%) and the 
temperature coefficient (-70 to -30%) of the calculated 
conduction differ considerably from experiment. 
1.512 The Hole Theory. 
Bockris et al125 have derived an equation for electrical 
conduction using this hole t heory approach. 
2 i 
F ~ z d 2y: 
3 RT f L 1 1 1 !\= exp -( ~ H. + AFH) . /RT J l. 
The mechanism of electrical transport in simple melts 
is envisaged as movement of ionic species into neigh-
bouring vacancies in the direction of the applied field . 
Superimposed on this is the natural random Brownian motion . 
It is assumed that the enthalpy of hole formation 
contributes predominantly to the conductive activation 
energy. For complicated melts (e.g. N03, co;), a Grotthus 
type process has been suggested in which conduction is 
envisaged as a cooperative step involving a simple ion 
jump and rotation of the associated ionic species126• The 
calculated activation energies for alkali halides ar8 
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widely different from experimental values (-25% to 300%). 
1.513 Liquid Free Volume Theory. 
Ange1191 has shown that the Cohen and Turnbu1190 theory 
fairly accurately describes experimental conduction in 
molten salts and glasses . Implicit in the derivation, 
however , is the Nernst-binstein equation which , it is 
known , is not applicable to molten salts. Despite this 
reasonable correlations are obtained but as yet no definite 
calculations of ccnduction can be made. 
1.514 Kinetic Theory. 
Application of the absolute reaction rate equation leads 
to 
I\ = ~ (F z Xd; /RT) (kT/h) exp ( L) S/R) exp(- 6 H/RT) 
when (1) the effective potential gradient = ( o- +2/3) applied 
potential gradient. (2) the half distance between initial 
and final ion positions along the coordinate of motion is 
estimated from density considerations . This equation 
simplifies to 
f\ = 5,18 x 1018 ( a-+ 2)zd 2 exp ( AS/R) exp(- AH/RT ) 
Further assumptions are required concerning the dilectic 
constant. Fortunately the equation is relatively 
insensitive to errors in a- and so it is possible to 
calculate ~ S to a reasonable degree of precision. Value $ 
for the entropy of activation (-7 to 10 entropy units) 
are consistent with the proposed conduction mechanism of 
passage of ions through a quas i lattice92, 127. 
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1.515 Viscosity Correl ations. 
Walden's Law. 
Erdey-Gruz128 has discussed the application of this 
correlation, 
constant 
and has found it to be non-applicable to molten salts. 
rhis has been taken as evidence t hat a different mechanism 
of transport for conduction and viscosity operates i n this 
media . In cases where very large deviations occur it has 
been sugge sted t hat conduction proceeds by a Grotthus 
charge transfer and rotational mechanism. 
1.6 AIMS OF THE PRESET STUDY. 
The study was initiated by a Fuel Cell Scholarship 
grant by the Commonwealth Reserve Bank. Ori gi nally it 
was envisaged that work would cover both the fundamental 
and practical sides of the field. 
An initial survey129 showed clearly that the high 
temperature carbonate cell, which was one of t he most 
promising types, suffered from a high resistive power loss 
in the carbonate electrolyte. A fundamental study of 
transport in t he alkali metal carbonat e was therefore 
undertaken in order to find possible reasons and remedies 
for this defect. 
It was also envisaged that this fundamental data would 
aid in furthering the general understanding of the 
structure of ionic melts and perhaps the liquid state. 
Additional information would possibly accrue on such 
matters as the nature of the basic entities present, t he 
51. 
effect of temperature, the inter-relationships between 
the various transport processes and the extent of non 
ideality of the systems. 
The applicability to transport processes in ionic melts 
of the various theories which have been proposed for 
liquids were to be tested as such evaluations may well 
provide additional insight into fundamental details of the 
melts. 
Finally it was hoped to be able to help resolve the 
current controversy about the uncertainties associated with 
some of the diffusion measurement techniques for high 
temperature liquids. 
CHAPTER 2. 
E X P E R I M E N T A L. 
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Trace-ion diffusion coefficients were measured in 
alkali metal carbonates using the most accurate 
contemporary method , t he open-ended capillary cell 9 The 
main aspects of the apparatus in its original conception 
are described first and then the auxillary experiments 
connected with its proper operation and subsequent 
mod ification are discussed . 
2. 11 Apparatus . 
The apparatus consisted firstly of a Kanthal wound 
furnace (A) capable of operation up to about 1000°c . A 
saturable reactor temperature cont roller (Ether Ltc.) 
and judicial use of heat shields (F) maintained the 
temperature of the diffusional zone of the furnace to 
within ~o.2°c at the 700°c point. The general 
requirements of the a pparatu s made it more convenient to 
place the sensing thermocouple for the temperature 
controller (H) away from the direct r adiat ion of the 
heating elements and into the centre of the furnace . 
Despite this compromise the temperature control behaved 
extremely we ll. Originally , the furnace relied en heat 
shields to maintain the temperature vertically throo. gh the 
furnace but it was found that at the hi ghe r temperatures 
t hey we re not sufficient to prevent a negative temperature 
gradient being set - p vertically throu ~h the diffusional 
zone . This resulted in convectional currents in the 
capillaries invalidat ing the results. To overcome this 
an auxillary heater (B) was i ncorporated which enabled any 
desirable gradient to be applied . Normally, the furnace 
was operated so that a positive gradient was just 
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measurable vertically through the diffusional zone. In 
order to eliminate the disturbance of convectional 
currents in the furnace atmosphere, dead areas at the 
extremities of the furnace (G) were filled with insulating 
material where possible. It was necessary to cool the 
saturable reactor core and controller elements, by means 
of a small fan, to prevent slow t emperature drifts in the 
lower temperature range. 
The main part of the apparatus within the furnace 
consisted of a large bath of salt (D) into which a holder 
(C) containing four diffusional tubes (E) could be lowered. 
The holder assembly was capable of rotation such that the 
speed at the capillary mouth could be varied up to 325 
mm/sec. In addition, the holder could be given vertical 
travel at a rate depending on its rotational speed. At 
maximum holder rotation the vertical movement was 2 cm/hr . 
This provision was made to ensure that there was no build-
up of radioactive material in the path of the capilJary 
mouth. Subsequent results showed this to be unnecessary. 
Consequently, for the majority of determination the holder 
was rotated in the one horizontal plane. 
Provision was made to open and close the capillary mouth 
by means of a sliding mechanism in order to minimise 
immersion effects. However, it was found that there was 
no measurable difference between the use of a medium sized 
drop of salt on the top of the diffusion tube and the slide. 
The slide mechanism did tend to give slightly more 
reproducible results but was not normally used as it 
complicated operational procedure. 
All components contacting the carbonate melt were made 
from palau; an 80% wt. gold-20% wt. palladium alloy. 
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This alloy has been reported to be completely resistant 
to carbonate melt attaci~0 The diffusion tubes were 
purposely made thick-walled to provide both mechanical 
strength and thermal inertia , thus allowing transference 
from furnace to furnace by means of tongs without damage 
or melt solidification. If this latter effect took place 
it would result in "piping" and bubble formation would 
take place in the tube on melting. 
The diffusion tubes were filled in a furnace made to a 
convenient shape from a flexible element encased in fire 
brick. An on-off type controller (Ether Ltd.) maintained 
the temperature of the filling area of the furnace within 
±2°c. This was sufficient control for the filling 
operation (volume accuracy ±o.12%). The actual filling 
was done using a manually operated filling capillary. 
Occasionally bubbles were formed in the diffusion tube with 
this method (about 12% of tubes filled). Obviously, this 
would not be the case with the more complicated vacuum 
filling technique but this more reliable method was by-
passed in favour of the much more rapid and flexible manual 
filling. 
The carbonate melts were to be maintained under dry 
CO2 at a pressure well in excess of their respective 
dissociation pressures in order to ensure their composition, 
These data were not known initially so the apparatus was 
designed to withstand 30p.s.i.g. at 1200°0 as it was felt 
that these conditions would not be exceeded. 
The other parts of the apparatus not contacting the melt 
e.g. the enclosing steel case, were made from 25/20 
stainless steel. The pot containing the main melt bath (J) 
was made of this steel and fitted with a palau liner (K). 
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The inside of the steel pot was flame sprayed with alumina 
(L) to prevent damage to the liner by spal.ling of the 
steel. 
2.12 Preliminary Experiments. 
The palau was observed to develop a blue-grey dis-
colouration between 350-660°0. This subsequently proved 
to be only a surface effect due to oxidation of the 
palladium and could be removed by heating above 700°c. 
Actual measurements at 100° intervals from 600 to 1000°c 
for 96 hours have confirmed that this alloy is unaffected 
by alkali metal carbonates.114,130 
Table 2.1 
Linear Expansion Coefficient of Palau 
cm/cm 0 c xio- 6 
Measured Calculated 
Tsmp Differential Precision Form- ole 
C Dilatometer icrometer ulae Fraction 
0 
100 13.05 13.20 13.57 13.50 
200 13.35 13.42 13.77 13.70 
300 13.75 13.64 14.00 13.93 
400 14.10 13.87 14.23 14.17 
500 14.75 14.09 14.51 14.43 
600 15.00 14.34 14.78 14.70 
700 15.40 14.59 15.06 14.98 
800 15.70 14.84 15.38 15.30 
900 15.95 15.12 15.70 15.61 
1000 16.20 15.40 16.07 15.89 
Accurate thermal expansion data of palau alloy is 
essential if the determined diffusion coefficients are to 
be of acceptable accuracy. The expansion coefficients were 
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determined firstly on a differential dilatometer and then 
on a more accurate precision micrometer. Calculation of 
the expansion data was attempted using the formu1aJ-3l 
a. = 
a 
xl a. 1 V 1 + x2 a. 2 V 2 
x2Vl + x2V2 
where subscripts a= alloy 1,2 = alloying metals 
and the mole fraction i.e. v1 =V2 =l 
to 
Table 2.2 
Dissociation Pressure of Carbonate Melts. 
mm Hg 
Tgmp Na2co3 LiNaK CO LiNa CO LiK CO C eutetic3 eutetic3 euteti~ 
700 
750 10.5 12. 5 10 
800 24 28 23.5 
850 46 54 44 
900 2 72 82 70 
950 9 108 122 102 
The dissociation pressures were determined for the melts 
be studied thus enabling a CO2 operating pressure to be 
chosen which wou1d ensure the melt compositions. A static 
method was used in which the melt in a palau crucibl e was 
enclosed in a vacuum tight stainless steel vessel and 
heated in the main furnace . The dissociation pressures 
were read on a mercury manometer (1mm scale accuracy) . The 
results (Table 2.2) are in general accord with previous 
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studies of the thermal decomposition of pure alkali 
metal carbonates. Exact agreement is lacking for all 
work in this field and these results are no exception. 
Apparently the dissociation pressure varies with the 
procedure and apparatus used. Reproducible results have 
been obtained using the more complicated dynamic method 
but it was considered that its use was not warranted in 
this caseo114 , 132 
2.13 Materials. 
A.R. grade carbonates were used for the salt bath and 
as a dilutant for the labelled material. The carbonates 
for the bath were dried at 120°0 to constant weight 
before use whereas those for radioactive material 
dilution were melted under a CO2 atmosphere and stored in 
a dessicator until useo The long lived radioactive 
materials used were obtained from U.K .A.E.C. Amersham, 
England; one being labelled with 22Na and the other with 
14c. The short lived 24Na and 4~ salts were obtained 
from A.A.E.C. Lucas Heights, Australia. 
The exact composition of labelled carbonate mixtures 
was ensured by taking account of the amount of salt added 
with the radioactive tracer. 
2.14 Procedure. 
The radioactive melt was made up in a palau crucible. 
Using the tube filling furnace, the filling capillary was 
charged with radioactive salt. The capillary was then 
placed inside a diffusion tube and both placed in the 
furnace on a rest so that the tube and capillary were 
almost in a horizontal position. After temperature equil-
ibration at 100-200 c0 above the salt melting point, the 
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capillary and tube were placed vertically on an inclined 
slide in the furnace and filled by a combination of 
manipulation of the capillary filler and blowing. A 
drop of radioactive salt was left on t he diffusion tube 
mouth as t he filling capillary was withdrawn. After 
equilibration at the required diffusion temperature this 
drop was removed so that the tube was filled exactly. 
The tube was then removed from the furnac e , cooled and the 
outside cleaned of any excess radioactive salt. 
The now solid salt was removed from the diffusion tube 
into aqueous solution by vibratory drilling. To do this 
the tube was held in a water-filled glass tube and 
raised slowly by means of a laboratory jack onto a 
vertically vibrating drill. After drilling ,the last traces 
of salt were washed out of the diffusion tube with the 
aid of a chisel pointed probe. The radioact ive washings 
were stored in either a plastic conta iner or a 25 mls 
volumetric flask. 
It was impossible to use the above method of salt 
removal with Li2co3 because of the plas tic nature of the 
partially di ssolved salt. The initial activity in t his 
cas e, wa s calculated from the activity of the radioactive 
salt and t he nett weight of salt in the diffusion tube. 
The tubes were finally cleaned by a manual drilling 
technique, which, while laborious, eliminated any possibi-
lity of diffusion tube damage. 
The tube for the actual diffusion was filled in the 
same way and transferred to the main furnace after 
temperature equilibrat i on. In this case the handling 
tongs were also equilibrated to avoid salt solidification 
• 
in the tube. The tube holder was then lowered until the 
tubes were almost completely immersed in the salt bath. 
The furnace was shut under the appropriate co2 pressure 
and equilibrated for 3 hours. Just before the start of 
diffusion the temperature gradient was carefully 
controlled to ensure that t he tube temperature was the 
same as that of the environment to which it would be 
lowered at the start of diffusion. If the slide was used 
to minimise immersion effects it was run onto the top of 
the tube just before immersion and slowly removed 
immediately afterwards. Normally, a medium sized drop of 
radioactive salt on the top of the diffusion tubes was 
used. After an adequate amount had diffused from the 
tube the holder was slowly raised out of the salt bath, 
the furnace temperature dropped to within 100 c0 of the 
salt melting point and the tubes removed for drilling. 
For the counting of radioactive cations, both solutions 
were made up by weight with distilled water in identical 
plastic cylindrical counting vials. These vials 
incorporated a keyway so that they could be virtually 
kinematically mounted in relation to the scintillation 
crystal. The counting train consisted of the scintillator 
crystal, a photomultiplier tube, pre-amplifier, the main 
linear amplifier (Franklin Electronics Inc.) and a 
transistorised scaler and counter (RIDL). 
To ensure stable counting the sollowing precautions 
were taken. The line voltage was stabilised and line 
pulses eliminated. Electronic tubes in the amplifiers were 
changed at regular intervals. The counting apparatus and 
radioactive solutions were temperature equilibrated for at 
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at least five hours at 20°c in a constant temperature 
room. The scintillator crystal and photomultiplier tube 
were maintained light tight and were lead shielded. The 
output from the amplifier was discriminated to pass ohly 
the high energy pulses . Despite these precautions slow 
drift still took place. To eliminate this and to enable 
short-lived isotopes to be successfully counted, a special 
rotational counting technique was used. The two solutions 
were counted alternatively in two separate counting trains 
(1,2) and, in the case of dissimilar container counter 
efficiencies, in two separate containers (a,b). 133 
In such a case the number of counts equals the product 
of the radioactive solution concentration, container 
counter efficiency and equipment counting efficiency. 
i.e. Counts = Co a a {3 1 
Co a a {3 1 + Co a b {3 2 
Ratio of counts= Cav a b {3 1 + Cav a a {3 2 
Now if the drift is 
= l.Ox a. 
a P2 = l.Oy /31 
Ratio of counts= 
co 
Cav 
a a f3 1 + ( 1. Ox a. a) ( 1. Oy /31 ) 
1.0:x a.a f3 1 + l.Oy a a /3 1 
Co 
= 
1 + ( 1. Ox)( 1. Oy) 
Cav l.Ox + l . Oy 
~ Q.9-. (1 + O. Ox)(l + O. Oy) = Co 
Cav 1.0x + l.Oy Cav 
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Radioactive anions were counted in the same amplifier-
scaler trains using standard liquid scintillation 
procedures . The scintillator solution used consisted of 
1-4 dioxane as solvent and the following solutes: 
50g/L napthalene, 4g/L 2-5 diphenyloxazole and O. lg/L 
1-4-di-2(5-phenyloxazole) - benzene . A 2/1 ratio of 
scintillator-radioactive solution was 1eighed into counting 
bottles and counted using the rotational counting 
technique . The counting bottles were kinematically 
mounted in a light-tight container which was held in a 
constant temperature bath together with the photomulti-
plier tubes . 
2. 15 Calibration. 
Thermocouples . 
The measuring thermocru.ple was found to be accurate 
within ~o . 2c 0 when checked against a platinum resistance 
thermometer (0-500°c) and the primary and secondary fixed 
points of S , Ag , Au and Zn and Al . 
Aqueous Solution. 
As an initial check on the apparatus design , measure-
ments were made of the diffusion coefficient of 22Na+ in 
0 
aqueous 0 . 3 aCl solution at 25 C. To achieve acceptable 
temperature control (~0 . 002 c0 ) the unstirred, inactive 
solution was held in a sealed perspex container set into 
a commercial water bath (Anax Pt y . Ltd . ) which was modified 
to give 25~0 . 01°c. Vibration of the baths was eliminated 
by use of suitable rubber mounts . 
Results a r e det ailed in Table 2 . 3 and Fig . 2.5. 
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Table 2.3 
Diffusion Coefficients of Na+ in 
a.3M NaCl soluticn. 
cm
2/sec x 105 
non non stirring stirring stirring 
stirring immersion changing single 
slide plane plane 
1.2830 1.2805 1.2792 1. 2854 
1.2969 1.2982 1.2978 1. 2838 
1.3038 1. 2851 1.2868 1.2776 
1.2841 1.3041 1.2968 1.2991 
1.3047 1.3021 1.3004 1.3016 
1.2838 1. 2808 
1.3020 
1 .3016 
1. 2950 1. 2940 1.2903 1. 2895 
±0.0108 ±0.0112 + - 0.0106 + - 0 . 0120 
The non-stirred condition could be expected to give 
low diffusion coefficients due to radioactive build up at 
the capillary mouth. The results do not show this; in 
fact the non-stirred values are slightly above (0.3-0.4%) 
+ - 5 the accurate diaphragm cell values of 1.2900-0.0013 x 10 
cm2/sec21 ,134;, While these figures are within the 
. + 
accuracy range of the method (-0.8-1.2%) and could 
therefore be attributed to experimental error the trend 
does seem to be general for the capillary cell in aqueous 
13+ 
solutions • 
Stirring within an acceptable flow region, on the other 
hand, leads to accurate values. It is a little difficult 
to gauge the exact upper limit of the range (Fig.2.5) 
Fig 2-5 
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but it is certain that the range suggested by Mills21 
is correct (Re=5-16) and that the measured diffusion 
coefficients rise steadily with excessive stirring beyond 
this region. 
The effect of stirring can be better understood by 
reference to the boundary layer formed by the liquid 
flowing over the capillary face. The boundary layer 
refers to the region of progressive reduction of velocity 
from the main stream value to zero at the adhering 
molecular layer on the capillary tube face. With stream-
lined flow, a boundary layer would be formed at the 
leading edge and a point of three-way separation at the 
trailing edge where Karman's vortex street would be set 
up. Thia latter condition occurs at Re ~ l for a cylinder 
in cross flow13~ The boundary layer would increase in 
thickness across the capillary tube face until it meets 
the turbulent front set up by the trailing edge. With 
increased fluid velocity a turbulent profile would set in 
at a decreasing critical distance from the leading edge. 
The lower front of this turbulent profile would sweep 
down through the boundary layer disturbing the fluid in 
the vicinity of the capillary face and would result in 
high diffusion coefficients being recordedo Calculation 
shows that the turbulent front would begin to sweep out 
radioactivity from the bore of the capillary at high 
velocities (approx.280 mm/sec or Re=l500). Reference to 
Fig .2.5 shows this is also true experimentally as the 
measured diffusion coefficients tend to increase fairly 
sharply beyond this point (N.B. Fig .2.5 has an unmarked 
value at Re=311). 
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Within the boundary layer the capillary bore would 
result in a point of three-way separation and formation 
of another boundary layer being set up at the leading 
and trailing edges of the bore respectively. This latter 
formation would be very disturbed because of turbulence 
from the concave nature of the surface of the bore wall 
presented to the flow. The total effect of these inter-
boundary layer disturbances would be that a sine-wave 
shaped profile would be set up over the mouth of the bore 
rising above the datum of the capillary face at the 
leading edge and sweeping down into the bore just prior 
to the trailing edge. 
Therefore it would be expected that with steadily 
increasing flow rate over the capillary face any radio-
active build up would be initially swept away from the 
region of the capillary mouth. Then, about Re=l, the two 
disturbances caused by the vortex street would be set up. 
Within a certain low flow region these two effects would 
approximately neutralise each other. Dye experiments 
have visually confirmed that this does happen in the range 
suggested by Mills21 • Beyond this range there would be 
progressively more radioactivity swept out of the 
capillary bore by the increasing turbulence and the 
measured diffusion coefficients would rise steadily until 
the onset of the turbulent boundary layer. 
No difference was detected between the use of a medium 
sized drop of radioactive material on the capillary face 
or the use of the slide to minimise immersion ef~ects. 
This is not a surprising conclusion because with long 
diffusion times the effect is small. While there is a 
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slight improvement in reproducibility with use of the 
slide (which may justify its use for diffusion into the 
tube) this is more than offset in this instance by 
manipulative difficulties and complication of apparatus . 
Another simplifying conclusion was that rotation in 
a changing plane offered no real advantage . 
From this preliminary work in aqueous solution it was 
decided to use the following operating conditions with 
molten salts ; rotation in one plane in the range Re=5-16; 
a medium sized drop of radioactive material on the top of 
the capillary to minimise immersion effects. 
Molten Salts. 
In order to test the apparatus and procedures under 
operating conditions a series of experiments were conducted 
in molten salts 0 136 
Firstly, Na+ diffusion in NaN03 was measured using the 
operational procedure derived from the aqueous solution 
work. The measured values were in good agreement with 
previous workers indicating the absence of serious 
systematic errors (Table 2.4). 
Table 2.4 
Diffusion of Na+ in NaNo3• 
cm
2/sec x 105 
D D 
t 0 c Dworkin et al -Angell et al 
528 2. 0 0 1. 97 
348 2.29 2o25 
365 -2. 53 2.55 
II 2.56 
368 2.62 2.61 
" 2.64 
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The different behaviour already noted between aqueous 
solutions and molten salts (Fig.1.2) obviously requires 
that the effects of immersion and stirring should be 
determined in each media. To check these effects in 
molten salts a series of experiments was conducted for 
Na+ diffusion in a- -Lieo3 eutectic. 
Table 2.5 
Diffusion of 22Na+i n Na-K-Lieo3 Eutectic. 
cm
2/sec x 105 
unstirred t=685°e 
t 0 e D t 0 e D Re D 
482 0.47 742 3.36 0 2.234 
II 0.45 II 3.34 II 2.435 
530 0.75 743 3.21 11 2.391 
II 0.74 II 3.34 II 2.489 
II 0.76 746 3.45 45 2.542 
571 0.94 749 3.55 142 2.569 
II 1.02 786 4.01 II 2.611 
580 1.00 II 4.08 
648 1.74 798 4.53 
686 2.28 II 4.37 
688 2.14 825 5.00 
II 2.26 II 5.03 
727 2 . 82 845 5.69 
II 2.81 
The effect of stirring is more marked in molten salts 
than in aqueous solution even when the different 
capillary tube geometry is considered. The measured 
diffusion coefficients rise rapidly with increasing flow 
Fig Hi 
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rate, as accumulation errors are eliminated, onto a 
steadily rising plateau which, no doubt, continues until 
the onset of the turbulent boundary layer. As the 
working range derived for aqueous solutions is on a 
rising section of the curve, experiments were run using 
differing diffusion times and capillary lengths to give a 
further independent check on the validity of this flow 
range. No systematic errors were noted in both these 
cases so it can be concluded that the ~ L effect is 
minimal and within experimental error in this flow range. 
Actually in Fig. 1.2 and 2.6 Reynolds number calculations 
have been based on external tube diameter. This is not 
really correct because the region in question is centered 
around the internal tube diameter. Recalculation of 
Reynolds numbers on this basis substantially reduces the 
marked difference between the two media. The variation 
is no doubt due to other aspects of tube ge ometry and 
minor thermal effects which cannot easily be considered. 
The effect of stirring decreases with temperature rise. 
This could well be caused by increased thermal motion in 
the melt at higher temperatures. Such an effect would 
influence the unstirred values tending to give increased 
coefficients at higher temperatures. Of course in such 
a series of experiments the stirring speed must be 
decreased as the temperature is raised to compensate for 
the rapidly changing P / T/ ratio of the melt and thus 
maintain a constant Reynolds number. 
Further experiments confirmed that the effects of the 
immersion slide and of stirring in a changing plane in 
molten salts were actually the same as in aqueous solution. 
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These modifications were forthwith deleted from t he 
apparatus. 
The effect of tube diameter was checked experimentally 
and it was found that tube diameters of 1.0mm or below 
gave virtually identical results (c.f.Table 2.6). Tubes 
of 1.0mm. diameter or under were therefore used for all 
determinations. 
The possibility of any isotope effect was checked by 
simultaneously determining the diff usion coefficients of 
22Na and 24Na tracers in the Na-K-Lico3 eutectic. In 
Table 2.7 the results are tabulated together with values 
calculated from the diffusion equation in the appendix. 
There is obviously no difference observable above 
experimental error among the diffusion coefficients , 
therefore , any isotope effect is negligible. 
Table 2.6 
Effect of Capillary Tube Diameter. 
Na+ Diffusion in a-K-LiC03 eutectic. 
Capillary 
0.8 
1.13 
1.18 
cm2/sec x 105 
Tube Diameter 
1.0 
1.17 
1.15 
1.16 
1.5 
1.39 
1.36 
Bxperiments were run under excessive CO2 pressure to 
ascertain if dissolved CO2 in the melt would materially 
effect the co3 diffusion coefficient. Again there was 
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no observable variat ion in the measured diffusion 
coefficients so the possibility of the effect could be 
discounted. 
Table 2.7 
Diffusion of 22Na+and 24Na+in Na-K-LiC03 eutectic. 
cm
2/sec x 105 
t 0 c 22Na+ 22Na+ 24Na+ 
(calc) 
729 3.12 3.16 3.10 
II 3.21 
730 3.16 3ol8 3.09 
II 3.16 
II 3.25 
2.16 Eutectic Compositions. 
The solid-liquid phase equilibria for the binary and 
ternary alkali metal carbonate systems have been uncertai n 
i n particular areas until recently. This is not due to 
l a.ck of data132 but because the high reactivity and 
thermal instability of these melts have led to 
experimental diff iculties which have not been ful ly 
realised in the past. The more recent work has settled 
the outstanding uncertainties for these me2t s. 137 
The following relevant results from these investigations 
were used throughout this work-
Table 2.8 
Alkali Metal Carbonate elting points and eutectic 
Compositions • 
.M le% Component Melting Point 
oc 
100% Li2co3 726 
76. 
100% Na2co3 858 
100% K2co3 899 
43.5/31~5/25.0 Li/Na/Kco3 397 
5303/46.7 Li/Na co3 496 
42.7/5703 Li/K co3 498 
6200/38.0 Li/K co3 488 
58.0/42.0 Na/K co3 710 
2ol7 Errors. 
The general diffusional equation can be written 
whence 
~D = ~D 
~c 
av 
D = f(C ,00 ,t,L) av 
~C + ~ SO + <> D 
av ~c O ~t 
0 
fi t + ~ D 
o 1 
fi L 
The experimental time was such that the first term was 
the only significant one in the diffusional time . 
Therefore 
C 8 1/ nt J.Y. 
= 
~2 exp - 412 co 
412 [ln ~ -ln cav] D = 
,ft ,t2 C 0 
S, D = 
4L2 
rc2 
4 
n2t 
.& D [ ::0 = D 
[
4L2 
-- ln 
TI 
l<:v J b t + 2 [~ t2 1n it 
l<:v J L ~L 
:cav] 2 C b t rr .£ 
8 C t 
av 0 
8 
n2 
8 
y{. 2 
2 b L 
+-
L 
The usual range and errors of the variable are 
~t/t + = -0.002% 
~L/L + = -0.011% 
C ./C = 0 . 20 - 0.35 a o 
The major errors are obviously in the determination of 
C and C. The error sources in these cases are tube av o 
filling (±0.4%) transference errors and counting errors 
(±0.16%, 0.3~~ for C and C ). The resulting estimate 
o av 
of error in Dis low ((±0.2%) because of indeterminancy 
of transference errors without recourse to experimental 
data. Experimental results in the Appendix give an 
average error in D of ~3.07% (0-4.12%) from which the 
maximum transference error of ±2.37% may be derived. 
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The large value obtained for the experimental 
transference error could well be due to the formation of 
minute bubbles in the capillary diffusion tubes. These 
have been neglected because of the inability to estimate 
them but in practise they are a very real error source. 
Bubbles can be formed in two ways,mechanically or by 
vaporisation of minute traces of water held in the melt . 
Premelting t he salt helps eliminate t he latter but the 
former are troublesome as the opacity of the tube makes 
their ready detection impossible. 
The experimental error showed a progressive improvement 
as the experimental technique was improved with experience 
and t hen a rather sharp increase . This latter seemed to 
indicL.te that certain critical parts of the apraratus 
were beginning to deteriorate and needed replacement o 
2.2 CONDUCTIO. 
Density and conduction of alkali metal carbonates were 
measured using the most reliable methods currently 
available , na ely the Archimedean density bob and the 
capillary conduction cell. both metnods \1ere virtually 
th d b J d - 114 e same as use y anz an Lorenz. 
2.21 Ap oaratus. 
The apparatus consisted firstly of a slender .K.anthal 
wound furnace (R) capable of operation u_p to about 1200°c. 
The temperature of the measuring zone of the furnace was 
maintained at ±o.3°c at the 800°c point by a self-cooling , 
C-core, saturable r eactor type temperature controller 
(Bther Ltd) and heat shield (~\N) . This furnace had poorer 
temperature control t11an the large diffusion furnace 
because of a proportionally lar~er measuring zone and the 
to 
Balance 
Au-Pd Density 
Bob 
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Fig 2·7 
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omission of one vertical heat shield to provide more 
working space. As with the diffusion furnace,general 
requirements made it more convenient to place the sensing 
thermocouple centrally (S,O). Convectional disturbances 
were minimised by filling the dead areas at the furnace 
extremi ties with insulating material where possible (P). 
The main section of the apparatus consisted of the salt 
bath contained in an 80"/o Au-2Qro Pd crucible (M). This 
crucible was insulated from the supporting 25/20 stainless 
steel frame by a small pyrophyllite crucible . A 
laboratory jack (T) external to the furnace enabled the 
crucible and supporting frame to be raised or lowered. 
A thick pyrophyllite plug (Q) provided a seal at the 
furnace base during vertical movement. CO2 was fed into 
the furnace through this plug . 
For density measurements an 8Qro Au-2~o Pd bob was freely 
suspended from one arm of an analytical balance by a thin 
wire. Reproducible depth of immersion in the melt was 
ensured by a height sensing device (D). This consisted of 
two fine probes which touch the surface of the melt and 
register contact through an ohm meter (Avo). The 
measuring thermocouple sheath was attached to the crucible 
so that contact with the bob or the crucible wall was 
avoided. 
The capillaries of the corrl.uctance cell were formed by 
ultrasonically drilling holes in two single crystals of 
~gO (K). The 80% Au-20-~ Pd cylindrical electrodes (I) 
were set into the upper section of the MgO crystals and 
necked along their length to avoid salt creepage (H). 
The measuring thermocouple (C) and height sensing probes 
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were held in place by the electrode support plate 
attached to t he top of the MgO crystal s . This late 
was in turn connected to the stainless steel support 
frame attached to t he lid (G). All leads were insulated 
by silica. 
2.22 Materials. 
The A.R. grade carbonates were fi r st dried at 120°c 
to constant weight,weighed out, mi xed dry and melted 
under a CO2 atmosphere for several h rurs before use. 
This last procedure ensured the removal of the last 
traces of moisture . 
2.23 Procedure. 
In the case of density measurements , the ch ~ed 
crucible was transferred from the filling to t he measuring 
furnace. The density and. measuring thermocouple were 
posit ioned and t he lid and its ancillary apparatus fitted 
in place. The supports and the heat insulation asbestos 
board was screwed in place over the furnace and the 
balance positioned and levelledo The bob was attached to 
the balance pan and the apparatus ad justed until free 
swing was obtainedo The height was then roughly adjusted . 
The apparatus was equilibrated under a co2 atmosphere 
for at l east five hours . The height was correctly 
adjusted and the weight noted . With any system readings 
were taken first with increasing and finally with 
decreasing temperature settings . 
The balance was calibrated against a sub- standard set 
of weights to ensure accuracy . Surface tension data 
were calculated assuming ideality which is very nearly 
true . 
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For conductivity determinations, the charged crucible 
was transferred from the filling to the measuring 
furnace. The conduction cell was placed in position and 
the furnace carefully warmed up until the salt bath was 
molten. The height was roughly adjusted and t he apparatus 
equilibrated under CO2 for at least five hours. The 
electrode and height sensing leads were connected and the 
height was correctly adjusted. The conductance was 
measured on a Jones bridge (Leeds and Northrup) at 1, 4, 
10 and 20 cps. The signal frequency fed to the bridge 
was drawn from a virtually shielded audio oscillator 
(Techtron App.). The null point was read off a tuned 
amplifier oscilloscope (Tektronix) circuit. Care was 
taken to properly cool the whole system before preparation 
for further measurements. 
2.24 Calibration. 
Thermocouple. 
The measuring thermocouple was found to be accurate 
within !0.20° when checked against the primary and 
secondary fixed points of S, Ag, Au and Zn and Al. 
Density Bob. 
The density bob was calibrated by weighing firstly in 
air of a known density and then immersed to a known depth 
in distilled water at a constant temperature. The 
following mass equations apply, 
Weight vacuum (bob+ suspension) - buoyancy air (bob* 
suspension)= weight masses air I 
Weight vacuum (bob+ suspension) - buoyancy (bob water 
+ suspension air)+ surface tension= weight 
masses air 2 
By combining these two equations the bob volume can 
be obtained 
Weight masses air (1-2) + surface tension= buoyancy 
bob (water-air)= bob volume x density (water-air) 
where surface tension= 2 1C' r Ycos 9 /g 
An average of f ive determinations scattered over the 
measurements was 2.87675 ± 0.00027. A further check 
against the density of benzene and carbon t etrachloride 
gave agreement within !o.05% with published data. 
Conductance. 
The MgO was tested in alkali metal carbonat e to ensure 
it possessed adequate electrical resistance. Its 
chemical resistance to the carbonate melts has been 
reported to be satisfactor}-14• The capillary cell was 
then calibrated against aqueous Cl solution and molten 
Cl. The pure alkali metal carbonates also provided a 
calibration check during the course of the measurements as 
they had be en accurately det ermined elsewhere. 
The aqueous calibration followed t he method of 
Robinson and Stokel38 while that in molten Cl used the 
data of Yaffe and Van ArtsdaleJ:l-3 These latter were 
obta ined on a quartz cell under a controlled atmosphere and 
consequently had no corrections for t hermal expansion 
84. 
of the cell. The KCl calibration should therefore 
prove the validity of the thermal expansion correction 
applied to the MgO capillary. 
Table 2.9 
Cell constant MgO Capillary Cell. 
Demal KCl 10lten KCl 
R K C t R K C t 
{l /A cm /cm oc .fl_ / .0.cm /cm oc 
337l.5 0.111342 375.39 25 l68 .3 2.2074 37l .55 790.1 
373.39 450 16l.3 2.3020 371.37 822.9 
372.87 550 155.3 2.390l 371.13 865 .0 
372.33 650 149.9 2.4745 370.90 905.5 
37l.78 750 
37l.22 850 
370.65 950 
370.06 1050 
The cell constant calculated from molten KCl data was 
within ±o.02% of that calcul ated from the KCl solution 
and expansion data. 
2.25 Errors. 
Using the partial differential methcxi already employed 
in the diffusion error calculations and the typical 
maximum errors shown in Table 2.10 the following errors 
were obtained. 
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Table 2.10 
Errors in Density and Conductance Measurements. 
Measurement 
Mass (gm) 
Surface tension 
(dyne/cm) 
Wire radius 
(cm) 
Contact angle 
(radians) 
Density water 
(gm/cc) 
Density air 
(gm/cc) 
Resistance 
(ohm) 
Cell constant 
Error 
+ 
0.00005 
0.1 & 1 
0.00002 
0.0175 
0.00001 
0.000001 
0.05 
0.005 
Table 2.11 
Typical 
Values 
46 
73 & 230 
0.0004 
1.05 
0.9856 
0.00113 
100 
370 
% Error 
+ 
0.0001 
0.14 & 0.44 
5.0 
16.7 
0.001 
0.09 
0.05 
0.0014 
Error of Density and Conductance Measurements. 
Bob Volume 
Density 
Specific 
Conduction 
Equivalent 
Conduction 
~ % 
calculated experimental 
0.0051 
0.0141 
0.0514 
0.0655 
0.0094 
0.0158 
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Other important sources of error are mechanical 
interference of the bob and its suspension and bubble 
formation. This latter is particularly troublesome in 
the case of conduction if it occurs in the capillar ies. 
CHAPTER 3. 
R E S U L T S. 
87. 
The results are detailed in the appendix for 
convenience. The results were fitted to the appropriate 
equation by least squares analysis with the aid of an 
I.B.M. 1620 computer. 1aximum errors were calculated 
using the method given by Margenau and urphy 01 39 
Ion 
3.1 Diffusion. 
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Fig 3·1 
Trace-Ion Diffusion Coeff lclents In Na-K-ll co, TernaryEutectic,Naz.C0
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Fig 3-2 
Trace- ion Diffusion Coefficients In Binary Eutectics, LI-NaCO.,J.l-KCo,t,Jo-KC0
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3. 2 Density . 
( = a-bT 
3. 21 Lithium Sodium Carbonate. 
bxl03 0 Media a t C range 
+ + 741- 856 Li2co3 2.2365- . 0076 . 4041-.0071 + 
. 3991±.0040 90% II 2. 2435- . 0043 717-930 
80% II 2. 2885±. 0036 . 4120:!: .0033 708-945 
70% II 2. 3474±. 0091 . 4378:!:. 0084 663-923 
60% II 2.3557±. 0047 . 4337±. 0044 636-920 
53 . 310 11 2. 3581±. 0013 + . 4325-. 0004 542- 915 
50}o II 2. 3532±. 0029 + . 4249-. 0028 620- 923 
4W~ 11 2. 3653! . 0033 . 4262±. 0033 607- 919 
30% II 2.3890±. 0118 . 4230±.0112 642- 918 
20ro II 2. 4461±. 0038 . 4437:!:. 0034 736- 958 
100/o II 2. 4443:!:. 0047 . 4301°!. 0042 770- 934 
Na2co3 2. 4532:!:. 0064 . 4268:!:. 0054 868- 973 
3. 22 Llithium Potassium Carbonate . 
Media bxlo3 0 a t C r ange 
Li2co3 2. 2365±. 0076 . 4041±. 0011 741- 856 + 
. 4180±. ou29 9 ro II 2. 2687-.. 031 720- 915 
80% II + 2. 2966-. 0036 . 4264±. 0034 704- 911 
700/o II 2. 3251:!:. 0017 . 4390:!:. 0016 681- 888 
62% II 2. 3526:!:. 0007 + . 4532-. 0007 570- 945 
60% II 2. 3593±. 0024 . 4569:!: . 0024 611- 883 
50% II 2. 3599:!:. 0023 + . 4548-.0023 596-875 
910 
42. 70011 2.37u!o0008 + 04623-.0008 602-921 
40% II 2.3795±.0011 + .4527-.0009 601-886 
30% " 2.4184±.0139 .4761±.0133 671-911 
20% II + 2.3942-.0032 04385!.0029 737-976 
10% II 2.4094:!:.0062 + .4422-.0052 842-981 
K2co3 2.4295:!:.0085 
+ 
.4543-. 0694 907-981 
3.23 Sodium-Potassium Carbonate. 
bx103 0 Media a t C range 
a2co3 
+ + 868-973 2.4532-.0064 .4267-.0054 
2.4862!.0013 + 90% " .4581-oOOll 844-973 
8{:)0fo II 2.4723±.0018 .4520±.0016 796-963 
75% II 2.4614±.0026 .4465±.0022 811-980 
7(Jf'o II 2.4509!.0019 + .4419-00016 792-976 
60% II 2.45Q6°!o0015 + .4467-00007 767-959 
58% II 2.4413±.0006 .4406!.0005 773-966 
5C°fo II 2.4359±.0015 + .4393-.0014 730-952 
40% II 2.4278:!:.0019 .4366'!.0017 739-956 
30,lo II 2.4240±.0019 .4375± . 0016 802- 977 
25% II 2.4243±.0013 .4405±. 0012 809-951 
20% II 2.4130±.0019 + . 4329-. 0016 851- 980 
l()Ofo II 2.4179±.0037 . 4419±.0030 892- 987 
K2co3 2.4295:!:.0085 
+ 
. 4543- . 0l94 907-981 
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Fig 3-3 
Densities of Lithium-Sodium Carbonate Binary Mixtures 
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3.3 Specific Conduction. 
X = AH exp - AE/RT 
The speQific conduction has a change of slope in the 
lower temperature ranges about the eutectic. The values 
which were not subjected to least square analysis are 
marked by a line in the appendix. 
3.31 Lithium-Sodium Carbonate. 
Media AK AE Kcal 0 t C range 
;!:ii2co3 21. 346± • 673 
+ 740-880 4.102-.044 
28.002± + 90% II 
.229 3.979-.056 734-928 
80% II + 25.047- .548 + 3.925-.046 700-925 
1()'jo 11 + 25.210- .206 + 4.183-.049 664-923 
60% II + 21.735- .467 + 4.053-.055 591-930 
53. 3%" 20.838! .389 + 4.051-.029 523-947 
50% II + 20.462- .303 + 4.034-.032 589-939 
40% II 22.845± 
.459 + 4.338-.044 562-966 
30% II + 18.285- .301 + 3.936-.036 658-961 
2Q1o II 15.684! .466 + 3.713-.065 730-951 
l()'jo II 13. 913±1. 235 + 3.490-.194 804-959 
Na2co3 14.121± .309 
+ 3.597-.052 872-965 
3.32 Lithium Potassium Carbonate. 
.Media AK L'.lE Kcal t 0 c range 
Li2co3 31. 345±. 673 
+ 740-880 4.102-.044 
+ + 9~ II 28.341-.864 4-.026-.063 7-24-863 
80% II 23.802±.640 + 3.879-.062 699-891 
70% II 22.011±.304 + 3.930-.029 640-920 
95. 
60% II 19.880±.285 + 3.922-.031 599-924 
50"/o " 18.593±.618 + 3.981-. 073 588- 950 
42. 7%11 16 . 257±.586 + 3.851-.079 562-949 
40%" 16.384±.317 + 3.968-.043 597-954 
30% II 14.384±.200 + 3.937-.030 681-966 
20%" + 12. 678-0280 + 3.848-.049 761-973 
10% II 11. 314±. 310 + 3.852-.064 860-987 
K co II + + 905-1008 2 3 10.520-.295 3. 831-.068 
3.33 Sodium-Potassium Carbonate. 
IV1edia AK ~ E Kcal 0 t C range 
Na2co3 14.121±.309 
+ 872-965 3.597-.052 
+ + 90% II 14.223-.174 3.716-.029 870-981 
80% II + 12.996-.093 + 3.696-.022 813-963 
70% " 13.201±.168 + 3.910-.029 798-949 
60% " + 12.978-.021 + 3.985-.021 800- 957 
581'0 " 12.378±.183 + 3.912-.032 742-953 
50% II 11.391±.944 + 3.747-.185 771-957 
40% II + 11.794-0501 + 3.856-.096 774- 973 
30% " 12.328±.532 + 4.009-. 076 803-964 
20,lo II 11. 317"±. 344 + 3. 888-. 082 875-985 
10% " 11.150±.335 + 3.911-.072 884-977 
2co3 10.520±.295 + 3.831-.068 905-1008 
3.4 Equivalent Conduction. 
/\ = Ar,. exp- LH,/RT 
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Fig 3·5 
Specfic Conductances of Lithium-Sodium& Sodium-Potassium Carbonate Blnay Mbctures 
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The equivalent conductance has a departure from 
linearity at the change of slope of the specific 
conductance . Again the se values were not subjected to 
least squares analysis. 
3.41 Lit hium Carbonate . 
:Media Al\. llE Kcal 0 t C range 
Li2oo3 
+ + 740-880 815.0-24.9 4.604-.064 
+ + 90'~ II 765.2- 9.6 4.513-. 027 734-928 
80% fl + 683 .4-13.7 + 4.406-.042 700-925 
7oa;; II + 718.0-19.6 + 4. 703-.055 664- 923 
6~; II + 640.3- 4.3 + 4. 581-. 022 591-930 
53.3%" + 613 . 9- 6.3 + 4.531-. 027 523- 947 
50% II + 621. 3-11. 0 + 4. 558-.044 589- 939 
40% It + + 562- 966 686.4-ll.5 4.773-0037 
301; It + 585.3-12. 0 + 4.467-. 045 658- 961 
20% II + 519 .1-15.8 + 4.287-.067 730-951 
10% II + 473.3-24.7 + 4.071-.117 804-959 
Na 2oo3 
+ 505.4-11.1 + 4.245-.051 872-965 
3.42 Lithium-Potassium Carbonate. 
Media A"' b.E Kcal t
0 o range 
Li2Co3 
+ + 872-965 815 .0-24.9 4.604-.064 
+ + 90% II 787.7-29.5 4.515-.078 870-981 
8~o II + 740.1-14 . 5 + 4.463-.041 813-963 
70"/o n + 721.4-14.3 + 4.487-.042 798-949 
60% II + 704.4-17.3 + 4.528-.053 800-957 
5~o II + 691. 5-17. 6 + 4.556-.056 742-953 
99, 
42.7% II + + 647.9-20.8 4.489-.070 771-957 
40% II + + 648.2-19.5 4.578-.066 774-973 
30% II + + 614.2-14.2 4.576-.056 803-964 
2~~ II + + 556.0-11. 2 4.485-.045 875-985 
10% II + 525.6-11.7 + 4.521-.053 884-977 
K2co3 
+ + 523.3-12.9 4.558-.059 905-1008 
3o43 Sodium Potassium Carbonate. 
:redia Ah. .6E cal 0 t C range 
Na2co3 
+ 505 04-11.1 + 4.245-.051 872-965 
9()'>~ II + 532.6-19.9 + 4.396-.087 870-981 
80"/o II + 494.7-13.3 + 4.332-.061 813-963 
7Q'}o II + 489.7-27.0 + 4.410-.121 798-949 
60% fl + 520.8-21.0 + 4.599-.090 800-957 
58% II + 387.2-26.4 + 3.963-.149 742-953 
50% fl + 463.5-15.6 + 4.322-.069 771-957 
40% II + 532 .1-17.5 + 4. 606-.073 774-973 
3~o II + 533.6- 6.7 + 4.596-.028 803-964 
20% II + 519 .1-13.4 + 4.539-.061 875-985 
1w,; II + 540.0-17.2 + 4.634-.075 884-977 
K2co3 
+ 523 . 3-12.9 + 4.558-.059 905-1008 
Fig 3·7 
Equlvatent Conductances of Lithium-Sodium & Sodium-Potassium Qsrbonate Binary Mixtures 
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CHAPTER 4. 
DISCUSSION. 
102. 
4.1 DIFFUSION. 
One of the most characteristic things about ionic 
melt transport data is that they have, in most instances, 
not allowed unequivocal explanation without recourse to 
other independent data. However, speculation about 
possible interpretation has, in some cases, led to useful 
insight into general liquid structure and transport 
mechanisms. The value of this approach, at t his early 
stage of development of the general field, is that it 
provides a basis for discussion from which other more 
useful avenues of attack can arise . Some of the following 
discussion will necessarily be of this speculative nature 
and until such time as further reliable experimental data 
supports such suggestions this must always be borne in 
mind. 
The reliable diffusion data so far accumulated has 
usually been discussed separately by the i ndividual workers 
with little or no comment on the general trends exhibited 
by the whole field . Discussion will, therefore , not be 
confined to the alkali metal carbonates but will attempt 
to cover trends evident from all the r elevant data . 
4 .11 1easured Diffusion Coefficients. 
The magnitude of the measured diffusion coefficients 
for ionic melts is generally about 0 .5-10 . 0 x 10-5 cm2/sec, 
i. e . appr oximately the same as in the liquified r ar e 5ases 
and in s olution at r oom temperature . fea ·ible 
qualitative explanotion for this si.nilarity be t ween 
different media ove r such a wide temperature r ange is 
pr ovided by the principle of corresponding states which has 
recently been applied with limited success to ionic melts 
. 140 
viz . 
103. 
heduced D = 
If the melting point is considered to represent a 
corresponding temperature it is evident that the diffusion 
measurements are at roughly the corresponding stateo This 
is not an unreasonable assumption as the melting points of 
a number of symmetrical salts have been found to conform 
to the relation~5 
Tm -"- z 
3.19xl0-5 r 
Ho~ ever, little further can be expected a t this staGe 
as the the ry is only approximate and apparently quite 
sensitive to the details of the potential energy function. 
oreover, several exceptions are in evidence, namely, 
ZnEr2 , KCl-PbC1 2 mixtures and the Li/Na/Kco3 eutectic. 
These media have substantially lower diffusion coefficients 
particularly near the melting point . This could feasibly 
be caused either by ionic association or complex ions being 
formed in these media. Diffusion would be impeded in either 
instance by virtue of the larger size of the diffusing 
entity or by the attractive bonding to other parts of the 
melt . Association or even complex ion formation is 
suspected to occur in ZnBr2 and 2PbC12-KCl but the carbonate 
eutectic shows no evidence of these effects . 
A definite relation occurs between the diffusion 
coefficient of an ion and ion size in a similar medi . For 
example , in the alkali metal halides and nitrates cationic 
diffusion falls steadily passing from the Li to Cs salt. 
The usual explanation advanced for this is that the smaller 
104. 
cation either fits easier into the available distributed 
free volume or its motion causes less distortion of the 
short-range quas i-lattice structure. The effect is not, 
however, that simple as can be shown by other data e.g. 
the anion diffusion results for these melts. With the 
alkali metal nitrates, anion diffusion is slowest with Li 
and Cs salts and rises progressively for the Kand Na 
salts. It is quite conceivable that in the Li salt the 
anions experience virtually anion-anion interactions 
because the small Li+ cation can actually slip between the 
anion structure with little or no distortion occurring. 
Alternatively the mobile Li+ cations by virtue of their 
small size and high charge density could hold the anions in 
a rigid short-range lattice. In either case hindrance to 
anion motion in the Li salt would be maximal. As the 
cation size is increased these anion- anion interactions 
would progressively diminish with increasing structural 
distortion and motion would initially be easier for the 
anion and then become more difficult as the cation 
approaches the anion size as occurrs in the case of Cs+ 
ion. 
The diffusion data of TlCl and PbC12 are both anomalous 
in this regard as the small but heavier cations possess a 
lower diffusion coefficient than the larger anions. The 
influence of mass on diffusion mobility is usually very 
minor and it is hardly possible that this behaviour can be 
attributed to a mass effect. It may be important to note 
in passing that both Tl+ and Pb++ ions are capable of 
higher valency states and therefore of a certain degree of 
covalent association or even complex formation. If this 
105. 
were the case in these melts the reduced diffusion of the 
cation may be caused by the larger size of the d i ffusing 
entity or by attractive bonding to other parts of the melt 
structure. 
Other inconsistencies occur in the ascribed diffusion 
coefficient ionic radius relation. The obvious example is 
AgN03 where the relatively large Ag+ cation has a diffusion 
very close to that of the Li+ cation in LiN03• There is 
an obvious link here to the different ionic interactions 
in the two melts. Furthermore, it appears from the limited 
data available that a direct correlation exists between 
anion size and the diffusion coefficient of a particular 
cation in a similar type of media. In such a case the 
anion diffusion is also increased in direct relation to its 
size. The increased diffusion of both these ions is due, 
no doubt, to the diminished anion charge density and cation-
anion interattractions. 
A feasible explanation for this contrasting behaviour 
is that there are two opposing effects operating to control 
diffusion in the melt. The first is the cation-anion inter-
attraction which limits diffusion to a co-operative act and 
the second is individual ionic motion which favours movement 
of the smaller ion if the anion and cation masses are at 
all comparable . This is in line with the finding of Duke 
and Victor from transport studies of alkali metal nitrate 
mixtures141 • For similar media possessing a common anion 
(e.g. alkali metal nitrates and chlorides) the cation-anion 
attraction is reduced as the cation size rises. Diffusion 
of the large cations is favoured as individual ions can 
break clear of co-ordination shells for a period and diffuse. 
106. 
In contrast, the smaller cation finds individual motion 
between anions much easier. In this case the latter effect 
predominates for cationic movement. The anion , on the 
other hand , initially experiences a significant increase in 
diffusion with increasing cation size as a result of the 
reduced ionic attraction but then as the ion sizes become 
comparable cation-anion interferences again become 
important and the diffusion coefficient falls. 
For similar media possessing a common cation (e.g. NaCl 
and NaI) the increased diffusion of the anion due to the 
reduction in cation-anion interattractions is predominant 
since a change in cation size will be of little value in 
promoting diffusion because the larger anion moves through 
a media of simi lar or smaller size. The cation diffusion, 
on the other hand, can be aided by the weakening of the 
interattractions ana because it moves through a media of, 
mainly, much larger ions. 
Turning to the alkali metal carbonates the data can be 
conveniently summarised into two groups one in which the 
co3 ion diffusion is relatively slow (Na/Kco3 , Li/Na/Kco3, 
Na2co3 ,Li2co3) and the other in which it is considerably 
increased lLi/Naco3 , Li/KC03). It is tempting to attribute 
this difference to two basically different types of liquid 
structure; with the former a basic anionic structure is 
formed while with the latter the structure is more open and 
flexible. Closer inspection of results of the first group 
shows that the relative diffusion coefficients for the ions 
in the pure carbonate melts follow a very similar pattern 
to those of the nitrates and halides. This is also true 
for the binary Na/Kco3 eutectic where the diffusion values 
107. 
are intermediate between the respective pure component 
carbonates. By con~rast, Na+ ion diffusion in Li2co3 is 
close to that of co3 ion in Li2co3 and the ternary 
eutectic. Such an equivalence of cation and anion diffusion 
fits in well with the idea of a short range anion structure. 
The size of the a+ ion is such that it would be trapped 
in the tightly held anion structure of the Li2co3 and, 
therefore, it would diffuse at the same speed as the anion. 
In the ternary eutectic, cation diffusion is considerably 
increased above that in the respective pure carbonates 
while the anion diffusion is reduced to that in the Li
2 
co3 melt. Here the smaller Li+ cation could hold the 
anions in a basic lattice, which would not greatly impede 
the Li+ cation diffusion. The other cations would be 
expected to experience increased interference to diffusion, 
as a+ cation undoubtedly does in pure Li2co3• This of 
course is not the case. However as Ward and Janz have 
suggested these cations may preferentially congregate on 
the perimeter of the anion quazi-lattice and their 
diffusion could then conceivably be enhanced142 • 
With the Li/Naco3 and Li/Kco3 eutectics, the ionic 
diffusion coefficients of all but the Na+ cation is increased 
+ . th N + t· to about that for Na cation in Na2co3 while e a ca ion 
itself is increased a good deal more than this. Perhaps 
the increased Na+ and K+ cation content of these melts 
over that in the ternary eutectic serve to break up the 
basic anion structure and allows the ions to diffuse more 
on the basis of their size. Further, the fast Li+ ion may 
co-operatively aid the diffusion of other ions particularly 
the large co; anion but it is strange that this effect does 
108. 
not occur in the ternary eutectic also. Whatever the 
mechanism, the significant increase in co3 ion diffusion 
in these binary eutectics over the ternary eutectic for a 
small melting point increase will be of practical 
importance in the high temperature carbonate fuel cell 
where internal resistance is such a problem . However, in 
the case of the Li/KC03 eutectic, the significant increase 
in Li+ ion content over the ternary eutectic may nullify 
any benefit by increasing the volati. lisation loss of 
lithium from the fuel cell electrolyte. 
Trace-ion diffusion data for the pure Na2co3 system 
reported previously by Djordjevic and Hills 51, which are 
widely different from those of the present study, show 
anomalous behaviour in both the magnitude and relative order 
of the diffusion coefficients. There is little doubt that 
the open-ended capillary values reported here are the more 
correct. 
4.12 Lumsden }odel. 
Lumsden143 and others62 ,ll3 have proposed a relatively 
simple model, involving London forces and cation-anion 
association, which has successfully explained the heats of 
mixing of binary alkali meta l halide mixtures . An 
extension of the model has recently provided a qualitative 
explanation of transport in these melts144• The essential 
feature of the model is the distortion of the normal 
symmetrical anion environment by the addition of a 
dissimilar larger cation. The larger charge density of the 
smaller cation, when it is surrounded by successive co-
ordination shells one of anions and the other of larger 
cations , would lead to polarisation of the immediate anion 
109. 
cloud towards the central small cation. 
Using these concepts l oynihan and Laityl44 have 
successfully explained mobility, conduction and viscosity 
data for binary melts of this type. In each of these cases 
the anion-small cat ion association causes either loss of 
mobility of the small cation or negative deviations from 
additivity. In the case of viscosity, the strengthening of 
the small cation-anion bond need not substant i ally hinder 
flow as the ions can move together. On the other hand, the 
weakening of the larger cat ion-anion bond enhances the flow 
process. Similar predictions to that of viscosity were 
anticipated for trace-ion diffusion. The association of the 
small cation would cause a decrease in its diffusion. The 
weakening of the anion- cation bond of the larger cation 
may allow an increase in diffusion but this would be unlikely 
because of size considerations. 
Experimental evidence, of a sort, is already available 
in the literature to provide some indication of the 
validity of the theory for the case of di ffusion namely 
Na+ diffusion in NaI- KC134 , Pb++ and Cl- diffusion in PbC12-
42 + + . 145 KCl and Na and K diffusion in NaN03-KNo3 . The NaI-
KCl data cannot be expected to be of much value in this 
case because of the presence of a complicating second 
anion. However, a slight negative deviation from additivity 
is in evidence at lower temperatures in accord with the 
theory . As the temperature is r a ised the deviation passes 
progress ively from negative to positive . The reason for 
this at first sight seems obscure but more information 
accrues from an examination of the activation energies for 
diffusion from which it appears that thermal dissocciation 
110. 
Fig 4·1 
Diffusion Coefficients and Activation Energies of 
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of the small cation-anion interaction occurs. An 
int~resting point in passing is the reduced diff usion of 
Na+ cation in pure KCl is , no doubt , due to the stronger 
competition of the a+ cation for the available anions in 
accordance with the theory. 
PbC12- Cl mixtures appear to have a slight positive 
deviation but the possibility of either complex ion 
formation or ionic association make unequivocal inter-
pretation impossible. Around the point of suspected ion 
association or complex formation the diffusion coefficient 
exhibits another negative to positive deviation drift with 
temperature. The NaN03-KNo3 data is of such accuracy that 
it is only poss ible to conclude that the diffusion f ollows 
a near linear relationship and as such does not lend support 
for or against the theory. 
Data on the Na+ ion diffusion in Li2co3-Na2co3 mixtures 
shows large positive deviations from additivity. Because 
the tracer is a larger cation in this instance this seems, 
at first sight, to confirm the theory at least in the 
direction of the deviation. It would be expected that the 
Na+ ion woul d be able to move more freely by virtue of its 
weakened anion-cation bond, while the anion because of its 
polarisation towards the small Li+ cation would have its 
diffusion effectively reduced. However, the very magnitude 
of the deviation, the low diffusion coefficient of the Na+ 
cation in Li2co3 and the positive deviation of the co3 
anion from linearity make it clear that this is either not 
the explanation or perhaps not the full explanation in this 
particular system. It will be of interest, as Noynihan 
and Laity point out, to study other systems to f rther 
• 
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evaluate the Lumsden mode1144. 
One interesting point which does arise is that at the 
eutectic of the Li/ aco3 and Li/Kco3 systems the diffusion 
coefficient is apparently maximal. It could well be that 
at this point the interaction of the different inter-
molecular forces causes maximum distortion of the salt 
thus enabling diff usion to proceed more easily. It would 
be profitable to further study the struct ure in these 
regions to ga in insight on t hese interionic forces. ~o 
doubt the basic reason for its pronounced effect at these 
eutectics when compared with 1 say, the nitrates is that 
higher charge densities are i nvolved. 
4 .13 Temperature Relation. 
Diffusion data for molten salts u suall y has been found 
to conform to an Arrhenius type equation . This has led to 
the absolute reaction r ate approach being applied in which 
the transport mechanism is assumed to be the passage of the 
diffusing entity over a presented energy barrier, AE, 
equal to the activation energy . There is no conclusive 
evidence which can justify the application of this mechanism 
to diffusion; in fact careful measurement of diffusion has 
shown, in certain cases, that the activation energy is 
146 slightly temperature dependent • Moreover, the basis of 
reference is unambiguous for univalent salts but when a 
multiple valency state is present it is not explicitly 
evident which quantity of salt is referred to . Consequently , 
it has been suggested that only the Arrhenius coefficient 
be used to express transport data for certain limited 
temperature ranges as this does not imply any questionable 
detail s of the transport process. However , the t erm 
ii 
: 
I 
I 
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activation energy can still be legitimately used for 
molten salts if for no better reasons t han for convenience 
and custom providing its underlying limitations are fully 
appreciated. 
The activation energies of the i ons in the alkali metal 
carbona tes exhibit the same near equivalence a s other 
molten salts. This is in general accord with the hole 
theories of Furth83 and Cohen and Turnbullgo in which 
diffusion is pur ported to occur by movements into voids 
formed from redistribution of free volume. The activation 
energies are then p r~portional to certain physical para-
meters of the melt while the actual magnitude of the 
diffusion coefficients of the individual ions can vary 
according, for example, to ion size. It would also be 
expected that the activation energy would vary slightly 
but measurably with ion size. This is true for most melts 
where the activation energy of the larger i on is slightly 
greater than that of the smaller ion but the magnitude of 
the diff erence, particularly for ions of widely separate 
size, is too small to establish anything but qualitative 
agreement with the theory. Furthermore, the first group of 
alkali metal carbonates presents a significant exception 
~o the theory because the activation energy of the large 
anion is smaller than that of the cation. 
A second possible reason for the near equivalence of the 
ionic activation energies is that diffusion proceeds as a 
co-operative act in which groups of associated ions move 
together through the melt. Diffusion within and between 
the associated groups would then account for the difference 
in magnitudes between the diffusion coefficients of anion 
~·-
I 
J 
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and cation as has already been discussed . If the 
absolute reaction rate concept is used to explain the 
activation energy it would be expected that the larger ion 
would possess a slightly greater activation energy . However, 
the r esults for the first group of alkali metal carbonates 
again defy adequate expl anation using these concepts . 
Another possibility is that the Arrhenius coefficients 
mainly reflect the actual thermal breakdown of the assoc-
iated groups in the melt . This follows by attributing to 
the liquid a progressive breakdown in order which can be 
traced from the solid through the glass transition and then 
over into the vapour state where only molecular units 
persist . In normal melts, the larger anion because of its 
smaller charge density and the openness of the structure 
can break free from associated groups much more easily and 
would, therefore, possess a slightly larger Arrhenius 
coefficient even though the magnitude of its diffusion was 
lower . It has already been suggested from other consider-
ations that the first group of alkali metal carbonate s 
possess an anion structure which would not suffer as rapid 
a thermal attrition as a normal melt . This would explain 
the lower anion Arrhenius coefficient of these melts . 
The final suggestion which has been made is that the 
measured activation energy represents a combination of 
effects in which the actual activation energy is masked by 
such superimposed complications as the thermal expansion 
and changing coordination number of the melt . Comparison 
of measura:lactivation energies could not , therefore, lead to 
real insight into melt structure or transport processes . 
However, such superimposed effects must of necessity favour 
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the diffusion of one type of ion and this would still 
lead to meaningful differences in activation energy between 
ions. 
Another interesting observation is that the Arrhenius 
coefficients show a fairly general increase as the valency 
state is increased. The 1/1 melts have coefficients of the 
order of 2,000-3,000 while , by contrast , the carbonate 
coefficients are about 5,000-6,000. This implies that 
higher valency states cause greater binding or structural 
formation in melts. This supports both the absolute 
reaction rate approach and the thermal breakdown of 
agglomerates ideao 
Graphed results for the alkali metal carbonates also 
confirm the general observation that for molten salts 
diffusion increases with temperature towards a particular 
small range of values. The explanation that this trend was 
due to the fortuitous choice of media now appears to be 
invalid. The trend suggests that thermal agitation 
progressively minimises the short-range order of the melts 
enabling the diffusion of the various ions to become pro-
gressively more similar. No obvious explanation for this 
can be suggested on the basis of hole theory or the 
absolute reaction rate approach. 
The diffusional activation energies for molten salt 
mixtures can be inf'ormative with regard to structure and 
the Lumsden modelo The aI-KCl data shows a large positive 
deviation from additivity for the activation energy with 
the maximum at the equimolar concentration. Furthermore, 
electrical conduction and molar volume measurements also 
show maximum deviations from ideality at this point. It is 
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possible that the smaller Na+ cation, because of its 
greater polarising power, competes more strongly for the 
available anions and forms either a compJac ion or an ionic 
association. The high activation energy could t hen be 
attributed to the hindrance caused by either the large 
size of the diffusing entity or by the attractive bonding 
to other parts of the melt. This explanation does not, 
however, explain the changing deviation from ideality of 
the diffusion coefficients with temperature. An alter native 
reason is that the entity formed gradually breaks up with 
increasing temperature allowing the diffusion coefficient 
to progressively increas e. This would imply that a 
changing Arrhenius coefficient would be expected. However, 
the accuracy and the narrow temperature range of the 
results could not be expected to show such a variation 
unequivocally. 
A similar circumstance is in evidence for Pb++ cation 
activation energy in PbC12- Cl mixtures. The same remarks, 
no doubt , apply. The anion activation energy ,on the other 
hand , changes fairly smoothly with concentration indicating 
that , while it may be associated in the agglomerate or complex, 
it has not the dominant role. 
The KN03- NaNo3 data exhibit no abnormalities for the 
activation energy . The K+ cation has a slightly higher 
activation energy i n t he Na.N03 rich r egion but the t wo co-
incide in the KN03 melto This could well indicate a 
circumstance similar to Na+ cation in Li2co3 in which the 
environment of t he melt holds the la+cation t o a similar 
diffusion r ate to that of the K+ cation. 
The Li2co3- Na 2co3 activation energy ha s a similar trend 
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to PbC12- Cl data. The co3 anions ows a maximum about 
the eutectic while the anion activation energy changes 
fairly smoothly. This implies that the carbonate plays a 
predominant role in the agglomerate or complex ion formation 
while the a+ cation does not. In the light of what has 
been discussed already regarding the relative diffusion 
coefficients and activation energies in these melts, this 
observation makes these aspects of the carbonate melts 
difficult to explain. 
Another intersting point is that the activation energy 
for diffusion of various cations in a host liquid shows a 
direct relation with ion size. This fits in well with the 
concept of diff usion proceeding by movement into holes of 
a particular critical size or dilation of the micro-liquid 
structure by the diffusing entity . It can also be explained 
on the basis of thermal break- up of agglomerates . Larger 
ions are initially more easily polarised and held at lower 
temperature but can break free more readily with increased 
thermal agitation. 
4.14 Comparison of Transport ctivation E ergies. 
A comparison of the experimental activation energies for 
the various diffusional processes would be of further 
interest in revealing possible liquid structure details 
and transport mechanisms. Starting with the Stokes-Einstein 
and Nernst- Einstein equations the relationships 
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can be derived using the general method of ~artin120• 
The activation energies for diffusion derived from the 
experimental conduction and viscosity data using these 
relations show a variation with temperature. This is 
because of the non-applicability of the basic Einstein 
relations to molten salts particularly well above the 
melting point. However close to the melting point (and 
also the Cohen and Turnbull T temperatures) reasonable 
0 
agreement is achieved and comparison of transport acti-
v~tion energies can conveniently be made . 
A comparison of the experimental activation energies 
for the various transport processes in the carbonate melts 
is shown in Table 4.1 together with bracketedAE .c,. &AE
1 
+ RT values. 
m 
Table 4.1 
Experiment media .o.EA 
.6E "7 L\E o 
K cal/eq cal/mol cal/mol 
Na2co3/2 Na2co3 4.23(6.48) 
Na~co3 
If 25.7(27.95) 
a If 12.2 
co= If 10.6 3 
x2co3/2 Li/Na/Kco3 6.46(8.71) 
X2co3 " 10.7(12.95) 
Na+ II 11.0 
~ II 11.9 
003 ,, 11.0 
x2co3/2 Na/KC03 3.96(6.21) 
x2co3 " 
Na+ fl 
11.8 
1220 
K+ II 11.8 
003 II 11.0 
x2co3/2 Na/LiC03 4 . 53(6 . 78) 
x2co3 
II 
+ II 11.0 a 
co= II 11.6 3 
x2co3/2 K/LiC03 4 . 49(6 . 74) 
xfco3 " 
II K 11.5 
co= 
3 II 11.9 
The experimental activation energy for viscous flow in 
pure a 2co3 ( .6E1 = 25 . 7 Kcal/mole) is much larger than 
that for conductance ( .6E~ = 4 . 23 Kcal/mole). Such a 
difference occurs for most other molten sal ts but this 
case is one of the most marked examples. The qualitative 
explanation which is normally offered to explain these 
differences is that in conduction, the current is carried 
mainly by t he small fast moving ions ( a+ in the case of 
Na2co3 ) which can either migrate through the lattice with-
out appreciable disturbances or fit easily into available 
free volume and thus have an associated low activation 
energy . In viscous flow, on the other hand, the high 
observed activation energy is attributed to the necessity 
to displace the large anions relative to one another. 
However , the activation energy for tracer-diffusion for the 
co3 ion ( 6 EP = 12. 2 cal/mole) is much lower than t hat for 
viscosity and yet in the diffusion process the large anions 
must again be displaced . 
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To explain this it is suggested that the high value of 
AE1 is due to an additional factor which affects viscous 
flow to a greater degree than the other transport 
processes. Most models of molten salts assume that their 
chief structural characteristic is the existence of inter-
penetrating anion and cation lattices which do not have 
the long range order of the crystalline state yet are 
sufficiently real to the extent that each ion has, on the 
average, more nearest neighbours of opposing than of its 
own charge. When a velocity gradient is imposed on an 
ionic liquid the associated shearing force has to distort 
this l attice, and there will , therefore, be a restoring force 
opposing flow. There will . therefore, be an electrostatic 
increment added to tne viscosity and in this respect the 
effect is distantly analogous to the Falkenhagen effect of 
dilute electrolytes. The effect would also be greater for 
multiple charged ions. In the ternary eutectic, however, 
where ~E, is only 10,7 Kcal/mole the presence of three 
ions of widely different size would distort the lattice 
considerably so that the required shearing force is much 
less. The much lower activation energies for conduction 
and diffusion can then be attributed to the ability of t he 
ions to migrate through the lattice without appreciable 
disturbance . 
Although the explanations offered above give an 
approximate qualitative accord with the observed data , 
there are obvious points of criticism. For example, the 
movement of free Na+ ions would also contribute to tracer 
diffusion, and one might expect the over- all activation energy 
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for diffusion of cations to be less than that for the 
anions, as is the case with most other molten salts. In 
fact 6. E0 cation is slightly higher than A E 0 anion . 
Another possibility for the low 6 E~~ values is that 
charge transfer may take place through the liquid quas i-
lattice by a Grotthus-type mechanism. Viscosity would 
proceed by the mechanisms already discussed and possess a 
high activation energy. The intermediate magnitude of the 
diffusional activation energy cannot be adequately explained 
by this proposal as diffusion would, in the main, proceed 
by the same Grotthus-type mechanism and would,therefore, 
be expected to have an activation energy comparable with 
conduction . 
It is also possible to explain t he activation energies 
for transport by reference to the proposed breaking of the 
coordination structure with temperature. For conduction 
either the small ion could carry the major portion of the 
current and fit easily through the qua~i-lattice or a 
Grotthus- type charge transfer would take place . In either 
case conduction would vary very little with temperature. 
A E i on the other hand would change rapidly with any thermal 
breakup while ~ E D would not be as sensitive to this effect 
and would be intermediate between the two. 
4.15 Calculated Diffusion ata. 
Measured diffusion data is available for a number of 
different types of melts . It would be of considerable 
interest to compare this data with that calculated from the 
various transport theories mentioned in the introduction. 
Unfortunately, with some of the theories, certain basic 
information necessary for calculation is lacking f or 
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particular salts. In these cases no calculat i on was 
at t emped. In the following section, listing the calculated 
diffusion dat a , D is expressed as 105)(cm2 /sec and ~ EP as 
Kcal/mole. 
4.151 on-equilibrium Statistical Me chanics. 
Calcul ations were made with the Collins And Raffel 
equation for i onic-molecular interactions76 • Data was 
drawn from Blander147 and else-where148 to enable Vo/V 
values to be calcu a t ed by t he method of Collins and 
Brandt149 • 
Table 4.2 
Calcula ted Data, Collins and Raff el Equation. 
media T°C D D b E 
+ +,-
LiNO 260 1.29 o.64 Li+ -1. 91 3 N03-l.91 460 2.11 1.0 
error -6.5to-63 +31 to-58% -65 to70% 
0.78 0.58 + NaN03 308 
Na -2.07 
500 1.22 .91 -03-2. 07 
error - 55 to-76,:, -52 to 7570 -58 t o-5970 
KN03 350 0.59 
0.48 K+ -2.24 
550 0.91 0.74 03-2.24 
error -61 to-80/o - 65 t o-82% -60 to-6Uo 
3.98 3.94 
+ 
NaCl 801 Na -3.75 
1050 5.5 5 5.48 Cl--3.75 
error -53 to-67% -34 to-5670 -52 to-557; 
0 .91 + NaI 700 1.44 a -3.38 
-
9 O 1.94 1.22 I -3.38 
error - 8 2 to-8570 -80 to-86fo -53 to-33 o 
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Calculated diffusion coefficients are generally in 
closer agreement with experiment at the melting point but 
the predicted activat ion energy is very much lower than 
that experimentally determined . Exact equivalence of the 
anion and cat ion activation energies 
not quite in a ccord with experi. ent. 
is achieved which is 
~ti.llinger150 has 
mentioned that it is difficult to see further reasons why 
the experimental activation energies are so much higher than 
theory since all possible avenues had apparently been 
covered. However this discrepancy may well be linked with 
the neglect of free volume by the theory and secondly the 
activation energy may be mainly caused by thermal break-
down of the coordination shells in the melts. 
Calculations were also made with Longuet-Higgins and 
Pople77 equation using the compressibility data of Bockris1~ 
Table 4 . 3 
Calcul at ed Data ,Longuet - Higgins and Pople . 
med i a t oe D+ D b.E 
LiNO 3 300 6 . 39 3. 22 Li -2.33 
500 10 . 86 5. 45 2-2.31 
error +56 to216ro +78 to329 o -64 to-58% 
3 . 18 2.11 + NaN03 300 Na -2.07 
500 5 .10 3.43 o;- 2. 12 
error +0 . 6 to9510 -4 to 88Yo -5870 
KN03 300 3. 41 2. 31 
+ K - 2 . 60 
500 6 . 20 4.18 02-2 . 90 
error +113 to72% +60 - 50 to-53:ro 
aCl 800 6. 53 9 . 95 + Na -3.92 
1000 10.50 13 . 30 Cl--3.93 
error -30 to23% +21 to 68~., - 53 to-5()'to 
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CsCl 700 6 . 91 14.31 + Na -3.92 
1000 12 . 10 25.09 Cl--4 . 58 
+76 to 2610 +232 toll470 -42 to-38% 
NaI 700 21.12 20 . 43 + a -4.47 
-1000 36.62 35 . 42 I - 4 . 47 
error +160 tol37ro +353 to241 o -37 .8to-ll.~ 
Agreement between calculated and experimental diffusion 
coefficients is closer at the melting point excepting for 
salts posses s ing ions of large dimension. The activation 
energies are virtually equivalent and decidedly low and 
as such are subject to similar comment as those of the 
Collins and Raffel equat i on. 
4 . 152 Hole Theory . 
The calculations were made using the equations from 
section 1 . 343 in the introduction but the method was in 
general t hat of Bockris and Ho oper33. 
media 
NaCl 
error 
RbCl 
error 
CsCl 
error 
Table 4 .4 
Calculated 
t 0 c 
800 
1000 
700 
900 
700 
1000 
Data , 
D+ 
o. 30 
0 . 47 
- 9670 
0 .25 
0 . 48 
-94% 
0.21 
0 .40 
- 95% 
Hole Theory . 
D 
0 .38 - 7 .98 
0 . 59 -7. 87 
- 95% +15 to -6% 
0.17 -7.40 
0.31 -7.31 
- 95% -9 0 
0.11 -6. 82 
0 .21 - 6 .79 
- 97% - 7 to-13% 
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NaI 700 0.16 0.37 -6. 91 
900 0 .23 0.55 -6.81 
error -98% -93% +38 to -4% 
NaN03 300 0.31 0.50 -4.31 
500 0.75 1.23 -4.21 
error - 84% -60% -13 to -17% 
KN03 350 0.44 0.55 -4.53 
500 0.83 1.04 -4.46 
error -74 0 -64% - 8 to -20% 
PbC12 500 0.40 0.16 - 5.75 
700 0.72 0.30 -5.65 
error -6(}fo -91% -17 to -6 o 
Na2co3 850 0.43 o.69 -8.43 
1050 0.66 1.08 -8.19 
error -92 0 -75% -33 to -20% 
The theory predicts diffusion coefficients which are not 
only too low but in some cases the magnitude for the anion 
and cation is reversed. The activation energy, on the 
other hand, is predicted reasonably accurately but there 
is only one value for both cation and anion which is not 
quite in accord with experiment. 
The Swalin equation gives a single diffusion coefficient 
and provides no method of separating the anion and cation 
contributions. Results are high by between 150% and 600"fo. 
Activation energies are low by approximately 50ro and again 
only one value is given for both types of ions. It is 
apparent that this theory is unsatisfactory for molten 
salts. 
129. 
1 .453 Kinetic Theory. 
The absolute reaction rate calculations followed the 
general approach of Eyring3,9 2• 
media 
NaCl 
error 
RbCl 
error 
Table 4.5 
Calculated Data,Kinetic Theory 
D t 0c D 
+ 
800 62.3 
1000 64.9 
12.0 
23.7 
-7.09 -9.06 
-6.90 -8.81 
+330 to630% +103 tollt:%-lOto-12% -5to+8% 
750 
900 
+72 
8.6 
15.2 
to 75% 
14.9 -8.55 -8.34 
25.8 - 8 . 30 -8.10 
+230 to260% +7to 4 o +12to9% 
CsCl 650 3o62 10.9 -8.95 -8.14 
error 
NaI 
error 
850 
700 
900 
8 .86 
-42% 
46.8 
79.5 
-16 
24.3 
to 29% 
8.4 
16.9 
-8.66 -7.88 
+22tol8 o +4% 
-6.04 -7.72 
-5.79 -7.40 
+480 to530% +86 to98% +20tol5% +7 to3% 
The calculated diffusion coefficients are very much 
higher than experiment for most salts. Agreement is more 
realistic in cases where the ion sizes are approximately 
equal but the relative magnitude of the anion and cation 
diffusion coefficients are reversed. Activation energies 
are approximately equivalent and are in reasonable 
agreement with experiment . A slight fall in the activation 
with temperature rise is in evidence which cannot be 
substantiated from experiment. 
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1.454 Frictional Coefficients. 
Table 4.6 
Frictional Coefficients for Na2co3x 
8 2 -2 -1 10 watt sec cm eq 
t 0c r+_ r r++ 
900 3.40 2.94 0.99 
950 3.16 2.10 0.69 
1000 2.95 1.48 0.47 
1050 2.77 1.00 0.30 
NaN03 
348 3.63 3.53 Oo87 
Table 4.6 gives a summary of the frictional coefficients 
for Na2co3 • Calculated values for NaNo3 are also given 
for comparison. A fairly close correspondence between the 
values for Na2co3 and Nal o3 is evident al though the 
magnitudes of the carbonate frictional coefficients are 
significantly lower. This general agreement shows the 
structures of these two melts to be basically similar. 
Plots of d(ln r)/d(l/T) are found to be linear as has been 
similarly found by Laity for other melts94 • The similarly 
high values for r and r indicate that there is a basic 
+-
anionic lattice present in which anion-cation and anion-
anion interactions are important. Cation-cation inter-
actions on the other hand are relatively minor. All these 
interactions diminish with temperature rise as the liquid 
becomes more random and coordinations ells are broken upo 
However the r coefficients fall significantly faster 
than r 
+-
This is to be expected since the f ormer are 
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second nearest neighbours at a distance where t he eutectic 
array is becoming increasingly random. 
1.455 ' ernst-Linstein Bquation . 
Conductances calculated using the Nernst-~instein 
equation are shown in Fig. 4 . 5. Previous investigators 
have found deviations in the calculated conductances of 
between +10 to 40% close to the melting point. Further, 
these deviations increase witp temperature riseo Sodium 
carbm ate agrees with the ernst-Einstein relaticn at 910°c 
and shows a small negative deviation about the melting 
point. The reality of this negative deviation is question-
able as the compounding of errors in the calculation would 
give a maximum total error of several percent in the 
calculated values. It is tempting to attribute this negative 
deviation, if real, to the Bardeen- Herring correlation 
factor which has been applied to the corresponding 
calculation in ionic solids . However, it is very unlikely 
that application of such a concept is justified about 42°C 
above the melting point . 
Deviations from the Nernst -E ·nstein equation have been 
viewed as reflecting a basic difference in the mechanism 
94-
of transport between conduction and diffusion . Laity has 
suggested that increased inter-ionic interference causes 
the deviation. An alternative explanation is that in the 
melt there exists ion pairs or neutral molecules which move 
as kinetic units contributing to diffusion but not complet-
114 
ely to conducticn. However, Janz and Lorenz , who have 
recently summarised evidence for t he existence of ion 
pairs of the form (Ivi+co;)- in alkali metal carbonate melts, 
sugge ot t hat rotations of pairs as in a Grotthus-type 
Fig .f ·S 
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Einstein Equation 
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mechanism may be the rate determining process in conduction. 
About the melting point , the rotational mechanism 
contributes equally to conduction and diffusion and the 
Nernst-Einstein equation is obeyed . With increasing 
temperatures, a translational mode becomes increasingly 
important, favouring diffusion and so giving the observed 
positive deviation. The obvious objection, that the 
activation energies for diffusion and conduction would be 
comparable, which they of course are not, can be overcome 
by viewing the temperature effect as an Arrhenius co-
efficient derived from the actual transport mechanism not 
as an actual energy barrier. 
1 . 456 Stokes-Einstein Equation. 
Calculations were made using the data of Blander147 and 
the normal Pauling crystal radii . 
Table 4 . 7 
Diffusion Data,Stokes- Einstein Equation. 
media t 0 c D D AE 
+ 
error 
885 
972 
2. 57 
6. 07 
-17 to - 49% 
0. 92 
2. 16 
+28 . 3 
- 28.21 
- 68 to - 45~ +132 to 166% 
The absolute magnitude of the calculated diffusion 
coefficients are surprisingly close to the experimental 
data when it is considered that the Stokes-Einstein 
equation only normally applies to a system in which the 
diffusing entity moves through a continuum of much smaller 
dimensional units. The effect of having both diffusing 
and continuum ent i ties charged and of comparable size is 
similar for both dif1'us ion and viscosity and accounts for 
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the closeness of t he data predicted by the equation. 
It can be conside red from this brief examination of the 
various diffusion theories that at the pr esent stage of 
development none adequately predict diffusi on in molten 
salts. 
4.2 DE SITY . 
The density data for the alkali me t al carbonates is in 
general agr eement with that already report ed for some of 
t he media114 , 142 • Coeffi cients in the temperature-density 
rel ation equation for the binaries show a smooth change 
with composition over the whole range in contras t with 
data already reported for the eutectic. There is, however, 
a definite crowding of t he composition contours around the 
eutectic. 
The isotherms of the lithium binaries show rather 
peculiar effects. A positive deviation is in evidence for 
the major portion of the isotherm except around the eutectic 
where the deviation is negative. Slight positive volume 
changes on mixing have been reported also for the alkali 
metal nitrates: the actual magnitude increasing with cation 
size of dilu e nt particularly when it is of comparable size 
to the anion. This can be understood as the addition of 
a much larger cation to a salt would disturb the basic 
anion structure enough to account for the positive 
deviation. At the other end of the composition, polarisat-
ion of the anion by the small cation would cause a similar 
effect to the volume. The abnormal behaviour around the 
eutectic is not surprising as the diffusion data for t hese 
media is also unusual in this region. No doubt the 
attractive forces and ions sizes are such that maximum 
135. 
Fig 4·6 
Density Isotherms of Lithium -Sodium Carbonate Bnory Mlxt~es 
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Fig 4·7 
O.nslty lsotherma of Lithium-Potassium Ccrbonat• Binary Mb<tur• 
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Fig 4·8 
Density Isotherms of Sodium• PotaHlum Carbonate Binary MlxturH 
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138. 
distortion of the micros tructure occurs whi ch, 1hile it 
results in a negative mixed volume change, is of such a 
character that the diffusion is aided. This does not 
necessarily imply a weakening of the structural bonds but 
in more in accord with a cooperative act aiding diffusiono 
The Na/Kco3 binary exhibits the usual negative 
deviation together with a slight positive lift near the 
smaller Na+ cation. Tnis latter is in accord with 
expected packing effects as the large + cation is of 
comparable size with the anion. However, the negative 
deviation could well be caused,in this case, by the pre-
dominance of the packing effect because anion polarisatic:n 
is relatively minor with simi lar cation charge densities. 
4. 3 CONDUCTI • 
The conductances for the pure carbonate melts are in 
good agreement with previously reported data of Janz and 
Lorenz114 • These authors have already discussed in detail 
the application of the hole and absolute reaction rate 
theories to the carbonates and consequently its repetition 
is not necessary here. The conclusions reached from this 
discussion were that in the molten carbonates the cationic 
species are predominant in the conduction process; the rate-
determining step being the movement of cations from one 
anionic species to another, followed by rotation of the 
anionic species much in the manner of the Grotthus 
mechanism. The small entropy of activation derived from 
the absolute reaction rate calculations adds support to 
these conclusions . 
Coefficients in the temperature- conductance relation 
equations show a fairly even and progressive transition 
139. 
with composition although a few anomalies are present. 
This is in variance with the limited data available for 
these binaries142 • Crowding around the eutectic 
compositions occurs in a similar way to the density data. 
Most melts exhibit a rapid fall in conductance in the 
vicinity of the melting point . This effect f orms the 
basis of the Cohen and Turnbull theory for molten salts. 
However, in the case of the carbonate binaries, Na/Kco3 
mixtures do not show this effect, a/Lico3 mixtures behave 
normally but K/LiC03 miKtures show an increase in this 
region. This latter general trend has been confirmed by 
the limited data of Ward and Janz142• Therefore the 
K/Lico3 mixtures present a significant exception to the 
general predictions of the Cohen and Turnbull theory . A 
possible explanation for this unusual behaviour is that in 
these melts the major portion of the conduction is carried 
by the small mobile Li+ cation which is of such a size 
that it can fit easily between the other ions of the melt 
(which are of approximately the same dimension) . Close 
to the melting point the electrical mobility of the small 
Li+ cation is virtually unaffected by any thermally 
activated changes in the melt structureo 
In the Li/Naco3 binaries, on the other hand, the 
different sizes of the ions in the melt make for more 
i ntimate packing of ions and the small Li+ cation, which 
virtually determines the conductance , suffers a reduction in 
mobility with falling temperature due to the particular 
structural nature of the melt close to the melting point. 
The conductance isotherms show the usual negative 
deviations in the case of Li/Naco3 and Na/Kco3• The 
140. 
Li/Kco3, by contrast, possesses a predominantly positive 
deviat ion from ideality. The usual explanation for the 
negative deviation of the first two types of melts is that 
the higher charge density of the smaller cation results 
in a greater polarisation of the anion. The reduced 
electrical conduction is then due to the decreased mobility 
of the smaller cation because of its increased association. 
The positive deviation with Li/ co3 mixtures could again 
be caused by the ability of the small mobile Li+ cation to 
slip relatively unhindered through the other larger ions. 
It may be of interest to note that similar conduction 
isotherms have been obtained for CaC12- aCl mixtures. The 
explanation advanced to explain the behaviour i.e. increased 
Cac12 dissociation appears unrea1
62
• 
Prediction of the conductances has been attempted using 
the Markov equation62 
A m = 
Calculations have not been successful for the alkali 
metal carbonates using this equation. A modification in 
which the /\ l, 2 conductance value is taken as 
1\. 1,2 = 
instead of j\ 2 does give a better correlation with 
experiment in some cases. 
142 152-4 Ward and Janz have invoked the Tolbosky parameters 
in order to correct the Markov equation for various 
configurations of ions in the melt. 
141. 
/\ = (1-X)/\ 
c.. "" 
X= I 
X= z. 
V-, - v-~ 
lr, ..... Vi. 
1'-1 - "Vi 
1'"j 1'i 
..,-, 
- Yi 
1J, 1'" V-2. 
However, these parameters only provide a correction 
which moves the predicted conduction values in mass and 
provide no compensation for the curvature of the •iarkov 
equation . If the 50 mole percent values155 or the eutectic 
142 
are taken it is possible to get good agreement for 
certain preferred ionic configurations . nowever,no ionic 
configuration serves over thew ole composition range . 
The nethod does not, therefore, seem to be applicable to 
the alkali metal carbonates unless the ionic configuration 
of th melt chan.::.es substantially with composition. 
142 . 
Fig 4·9 
Equivalent Conductance Isotherms of Li/No C03 130.--~~--~~---,.~~~....-~~---~~--, 
120 
.~ 110 
:, 
CT 
ca, 
E 
15 100 >--E 
u 
90 
80 
' 
' 
' 
' 
' 
' 
' 
' 
' 
' S0°C ' 
50 
' 
' 
Mole Percent Composition 
143 . 
Fig 4·10 
Equivalent Conductance Isotherms of Li/Keo, 
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Fig 4·11 
Equivalent Conductance Isotherms of No/KC01 
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5.1 Trace-ion Diffusion Coefficient. 
5.11 Sodium Carbonate. 
Na+ in Na2co3 co3 in Na2co3 
t 0 c D•l05cm2/sec t 0 c D·l05cm2/sec 
910 
II 
II 
944 
II 
II 
II 
II 
982 
II 
II 
1043 
II 
II 
5.52 
5.75 
5.63 
6.39 
6.63 
6.57 
6.69 
6.60 
7.64 
7.68 
7.75 
9.53 
9.58 
9.49 
901 
II 
IJ 
II 
II 
984.5 
II 
II 
1061.8 
II 
II 
5.12 43.5% mole Li2co3-31.5% mole 
mole 2003. 
+ in Eutetic K+ in Eutetic a 
t 0 c D•l05 t 0 c D·l05 
2 
cm /sec 2 cm /sec 
492.3 0.57 611.8 1.15 
II 0.56 II 1.09 
II 0.56 696.5 2.08 
560.6 1.05 II 1.98 
3.07 
3.05 
2.99 
3.36 
3.30 
3.50 
4oll 
3.98 
4.09 
5.25 
5.29 
5.20 
Na2co3-25.Q% 
co= in Eutetic 3 
D•l05 t 0 c 
cm2/sec 
420.3 0.11 
484 0.19 
II 0.19 
588.3 0.46 
146 .. 
560.6 1.03 696.5 2.05 588.3 0. 43 
671.5 2.35 730.2 2.50 610.5 0.49 
II 2.20 II 2.58 II 0. 52 
II 2.20 " 2.53 650.5 0.63 
735.5 3. 06 770.5 3.21 II 0.64 
" 3.00 II 3.19 730.0 1.03 
II 3.03 II 3.17 ti 1. 02 
77000 3.90 842.3 4.52 748.0 1.15 
II 3o87 II 4.48 II 1.13 
II 3o89 " 4.58 79 2. 5 1. 38 
875.5 6. 01 II 4.52 II 1.37 
II 5.93 861.0 1.78 
II 6.oo II 1.65 
5.13 53 . 3% mole Li~3 - 46.1~_mole Na2QQ2• 
Na+ in Eutectic co3 in Eutectic 
t 0 e D· l05cm2Lsec t 0 e D·l05cm2/sec 
580.3 1 . 47 568.5 0.70 
II 1.49 II 0.72 
II lo49 II 0.73 
631.5 2.24 622. 0 1 . 08 
" 2.19 II 1 . 08 
II 2.28 II 1. 06 
670.5 2.75 680 . 0 1.73 
II 2.70 II 1.68 
II 2.81 II 1.69 
768.0 4o78 719.5 2. 24 
II 4.82 " 2.18 
II 4. 89 II 2.19 
147. 
811.3 5.99 788.8 3.03 
II 5.86 II 3.03 
853 .0 1.09 11 3.03 
11 7.43 841.5 3.87 
II 7.23 11 3.82 
3.83 
5.14 42.7~ mole Li2co3-57.2~ mole K2co3. 
K+ in Eutetic 003 in Eutetic 
t 0 e D•105cm2/sec t 0 e D· l05cm2/sec 
614.0 1.07 575.0 0.69 
II 1.11 II 0.72 
650.0 1.35 II 0.71 
II 1.36 II 0.69 
II 1.42 644.5 1.20 
II 1.37 II 1.20 
698.4 1.84 II 1.19 
II 1.84 694.3 1.59 
II 1.83 11 1.67 
II 1.90 II 1.62 
760.7 2.68 749.5 2.29 
II 2.68 11 2.30 
11 2.60 II 2.35 
813.5 3.50 789.0 2.92 
11 3.51 11 2.93 
11 3.54 II 2.88 
859.8 4.24 II 2.88 
ti 
II 
II 
148. 
4.29 
4.48 
4.19 
862.0 
II 
II 
4.13 
4.17 
4.10 
5.15 28.~ mole a~3-~2.0% K2co3• 
Na+ in Eutectic K+ in Eutectic co= in Eutectic 
t 0 c D·l05 t 0 c D,105 
3 
D· l05 t 0 c 
2 2 2 
cm /sec cm /sec cm /sec 
810.0 3.32 793 .0 2.86 756.0 1.22 
II 3.34 II 2.91 II 1.18 
840.0 3.97 850.0 3.60 
II 1.28 
II 3.80 II 3.77 796.6 1.53 
II 3.87 II 3.76 
II 1.49 
861.5 4.35 872.0 4.18 
n 1.52 
II 4.31 II 4.20 819.0 1.79 
II 4.43 903.5 4.94 
II 1.65 
903.5 5.36 11 4.94 
II 1. 72 
II 5.30 II 4.96 854 .5 1.94 
932.0 6.07 II 4.82 
II 2.01 
II 5.96 911.5 4.89 II 1.95 
964.5 6.60 II 4.91 
II 1.88 
6.33 II 5.01 890.5 2.22 
II 5.01 II 2.21 
962.5 6.04 II 2.36 
II 6.12 919.0 2.68 
II 6.26 II 2.60 
149 . 
5.16 Lithium Carbonate. 
Na+ in Li2C03 0 
D·l05 t C 
cm2/sec 
809 .0 1.46 
If J,.. 51 
857.5 1.70 
II 1.78 
871.0 1.80 
905.0 2.12 
II 2.25 
5.2 Densiti. 
5.21 Lithium-Sodium Carbonates. 
Li2eo3 90%Li2co3 
8()%Li2co3 70%Li2co3 
t 0 e p g/cc 0 t 0 e p g/cc t 0 e Pg/cc t e pg/cc 
740.8 1.8283 716.5 1.8500 708 .0 1.8827 662.5 1. 9350 
759.8 1.8190 742.0 1.8380 730.4 1.8746 690.2 1.9265 
778.2 1.8111 766.7 1.8290 750.0 1.8680 714.9 1.9196 
795.1 1.8032 790.2 1.8174 764.0 1.8613 759.1 1.8916 
807.2 1.7994 835.6 1.8004 776.2 1.8555 787.9 1.8883 
820.8 1. 7945 865.2 1. 7892 790.5 1.8502 823.9 1.8640 
833.1 1.7885 893.1 1.7774 813.1 1.8442 827.1 1.8642 
844.0 1.7850 929.9 1. 7648 819.4 1.8380 842.0 1.8580 
855.5 1.7822 84205 1.8290 862.5 1.8477 
860.0 1.8225 898.5 1.8363 
894.3 1.8075 922.5 1.8254 
922.0 1.7950 
945.1 1.7860 
150. 
60%Li2eo3 53 .3%Li2eo3 50%Li2eo3 40%Li2eo3 
t 0e pg/cc t 0e pg/cc 0 t 0e Pg/cc t e p g/cc 
635.8 1.9618 542.2 2.0051 620.1 1.9750 606.8 1.9909 
681.0 1.9420 625.3 1.9703 672.4 1.9513 642.8 1. 9752 
713.1 1.9280 712.0 1.9322 702.6 1.9380 673.6 1.9613 
764.3 1 .9027 777.8 1.9028 729.4 1. 9264 684.5 1.9572 
801.4 1.8915 859.4 1.8680 760.7 1.9131 751.9 1.9270 
818.1 1.8840 914 .8 1.8448 780.1 1.9061 806 .4 1.9052 
842.2 1.8732 793.6 1.9013 861 .4 1.8826 
884.0 1.8518 822.6 1.8865 918.8 1.8572 
920.2 1.8385 880.8 1.8618 
922.5 1.8468 
30%Li2eo3 2()%Li2eo3 10'%Li2co3 Na2eo3 
t 0e p g/cc t 0 e pg/cc 0 0 t C pg/cc t e p g/cc 
642.1 2.0010 736.2 1.9987 769.9 109969 868.0 1.9668 
674.0 1.9876 774.6 1.9800 797.5 1.9831 882.2 1.9600 
707.0 1.9743 802 .8 1.9678 839 02 1.9657 898.7 1. 9531 
764.6 1.9483 830.8 1.9564 870.1 1. 9524 918.1 1.9451 
820.8 1.9348 872.9 1.9381 89005 1.9433 933.8 1.9378 
872.5 1.9017 920.2 1.9160 933.6 1.9262 948.8 1. 9319 
917.5 1.8830 958.2 1.9002 972.8 1. 9227 
5.22 Lithium-Potass ium Carbonate. 
90%Li2eo3 8~oLi2eo3 70%Li2eo3 62%Li2eo3 
t 0e Pg/cc t 0e p g/cc 0 t 0c P g/cc t e p g/cc 
720.0 1.8531 704.0 1.8792 681 .4 1.9056 570 .0 1. 9702 
757.8 1.8383 726.8 1.8700 690.5 1. 9020 632.8 1.9418 
808 .7 1.8169 738.4 1.8668 738.8 1.8805 675.8 1.9226 
151 . 
827.3 1.8079 783.5 1.8451 779.7 1.8634 721.9 1.9019 
869.9 1.7921 820.3 1.8308 812.9 1.8486 777.5 1.8769 
914.5 1.7715 867.0 1.8100 829.0 1.8416 855.1 1.8412 
911.0 1. 7918 887.8 1.8147 945.2 1.8001 
60%Li2eo3 50%Li2co3 42.7%Li2eo3 40%Li2eo3 
t 0e p g/cc t 0e p /cc t 0e pg/cc 0 t e Pg/cc 
611.4 1.9545 595.3 1.9652 602.0 1.9668 6 1.2 1.9836 
621.5 1. 9500 600.3 1.9625 624.1 1.9565 656.6 1.9589 
663.3 1.9323 660.8 1.9348 669.7 1.9348 102.1 1.9371 
712.3 1.9094 725.0 1.9062 707.5 1.9170 739.2 1.9222 
777.5 1.8804 777.3 1.8840 760.0 1.8935 788.0 1.8990 
823.6 1.8572 819.1 1.8631 794.2 1.8775 833.3 1.8784 
882.8 1.8309 875.2 1.8370 833.0 1.8599 885.9 1.8549 
865.5 1.8449 
921.1 1.8185 
30%Li2eo3 20%Li2eo3 10%Li2eo3 K2eo3 0 t 0e Pg/cc t 0c pg/cc t 0e Pg/cc t e Pg/cc 
670.8 1.9766 737.0 1.9503 841.8 1.9169 907.2 1.8924 
692.8 1.9552 776.2 1.9345 864.5 1.9052 919 .2 1.8890 
714.7 1.9438 814.7 1.9182 880.4 1.9005 933.4 1.8813 
769.6 1.9207 856.8 1.8989 91~ .8 1.8825 943.3 1.8768 
813.0 1.9006 905.2 1.8769 937.2 1.8728 956.0 1.8708 
845.8 1.8856 937.2 1.8624 961.8 1.8642 967.8 1.8651 
910.8 1.8568 975.9 1.8472 980.8 1.8550 981.3 1.8600 
5.23 Sodium-Potassium earbcnate. 
90%Na2eo3 80%Na2eo3 75%Na2oo3 
70%Na2eo3 
t 0e P g/cc t 0e Pg/cc t 0e pg/cc t
0e Pg/cc 
843.7 1.9745 795.9 1.9886 811.2 1.9769 792.0 1.9801 
152 . 
873.0 1.9610 834.8 1.9720 830.6 1.9688 843.5 1. 9580 
894.1 1.9514 864.3 1.9582 865.8 1.9528 880.5 1.9406 
910.1 1.9441 882.4 1. 9499 896.3 1. 9391 898.3 1.9333 
92809 1.9358 913.0 1.9360 925.8 1.9262 914.3 1.9263 
951.9 109251 934.2 1.9267 954.2 1.9134 954.4 1.9087 
973.1 1.9150 963.3 1.9132 980.4 1.9015 975.5 1.8990 
60%Na2co3 58%Na2co3 50"/oNa2co3 40rc>Na2co3 0 0 0 0 t e Pg/cc t C pg/cc t C p g/cc t C pg/cc 
767.4 1.9859 773.0 1.9802 729.6 1. 9956 738.7 1. 9856 
794.4 1.9732 803.8 109668 764.5 1.9801 775.6 1.9700 
818.3 1.9631 825.9 1.9572 796.5 1.9653 812.5 1.9537 
849.9 1.9492 86303 1.9405 835.7 1.9487 852.5 1.9371 
883.3 1.9340 909.1 1.9204 872.6 1.9321 894.3 1.9182 
914.0 1.9199 939.5 1.9072 901.8 1.9199 912.0 1.9107 
958.7 1.9004 966.2 1.8952 951.7 1.8979 956.0 1.8905 
30C/oNa2eo3 
t 0 c p g/cc 
25%Na2co3 
t 0 e pg/cc 
20%Na2co3 
t 0 e Pg/cc 
10%Na2co3 
t 0 c Pg/cc 
802.0 1. 9539 809.4 1.9473 85005 1.9264 892.4 1.9026 
840. 2 1.9369 847.8 1.9305 870.2 1.9182 913.9 1.8929 
864.3 1.9258 863.4 1.9238 884.2 1.9118 936.0 1.8846 
882.1 1.9185 879.2 1.9166 912.9 1.8996 949.8 1.8776 
916.0 1.9040 905.2 1.9056 944.0 1.8865 965.2 1.8710 
947.3 1.8905 922.3 1.8976 964.1 1.8770 973.0 1.8663 
976.9 1.8768 950.8 1.8850 979.5 1.8707 986.9 1.8610 
5.3 Conductance. 
5.31 Lithium-Sodium Carbonate. 
153. 
t 0 c 
Li2co3 
- 2 t 0 e 
90%Li2eo3 
-2 K/ fl cm A/ n cm eq. K/ n cm /\. / n cm eq. 
739.7 4.094 83.00 733.6 3.802 79.69 
750.3 4.138 84.06 750.3 3.999 84.12 
759.9 4.280 87.14 770.9 4.102 86.67 
771.0 4.327 88.39 792.3 4.278 90.84 
781.3 4.451 91.02 813.8 4.422 94.34 
794.3 4.502 92.35 835.2 4.585 98.27 
807.6 4.682 96.24 859.0 4.789 103.20 
820.7 4.698 96093 880.7 4.932 106.75 
831.8 4.805 99.32 906.7 5.124 111.53 
840.l 4.960 102.73 927.6 5.290 115.69 
857.6 5.052 105.03 
86806 5.117 106.64 
880.3 5.248 109.63 
t 0 e 
80%Li2co3 
- 2 t 0c 
70%Li2eo3 
- 2 KL n cm A/ n cm eq. Kl n cm A/ n cm eq. 
700.0 3.291 70.08 663.8 2.652 57.21 
721.8 3.440 73.62 690.4 2.850 61.86 
748.2 3.602 77.53 724.4 3.090 67.61 
771.2 3.775 81.67 765.9 3.304 72.99 
794.0 3.991 86.77 812.6 3.602 80.46 
822.7 4.112 89.99 869.9 3.982 90.18 
854.4 4.325 95.36 923.0 4.368 100.19 
889.6 4.578 101.77 
924.4 4.820 107.98 
154. 
t 0 e 
60%Li2eo3 K/ ncm -2 A/ ncm eq. t 0 e 
53.3%Li2eo3 K/ n cm A/ n ciii2eq. 
591.2 1.948 42.68 522.5 1.450 32.02 
616.5 2.118 46.68 552.7 1.622 36.04 
641.4 2.291 50.77 594.0 1.893 42.45 
683.9 2.570 57.45 627.7 2.102 47.49 
720.0 2.796 63.04 665.0 2.362 53.77 
765.0 3.057 69.59 690.9 2.508 57.44 
812.6 3.318 76.38 724.6 2.100 62.31 
84609 3.521 81.68 752.8 2.880 66.89 
889.9 3.762 88.34 803.9 3.145 73.90 
929.5 3.982 94.14 852.5 3.410 81.02 
89705 3.652 87069 
946.6 3.908 94.90 
50%Li2eo3 
-2 
40%Li2co3 
-2 
t 0 o K/ n cm A/ n cm eq. t 0 c K/ n cm A/ n cm eq. 
589.0 1. 754 39.72 562.4 1.492 34.60 
611.6 1.902 43.29 600.2 1.748 40.87 
647.4 2.170 49.77 643.9 2.052 48.43 
695 .3 2.498 57.89 690.5 2.368 56.46 
729.0 2.702 63.08 725.4 2.575 61.86 
776.1 2.972 70.11 766.1 2.813 68.19 
819.5 3.198 76.18 811.5 3.062 74.98 
865.8 30448 83.00 869.8 3.375 83.74 
906.7 3.675 89.29 920.0 3.652 91.65 
939.2 3.801 93.05 966.4 3.901 98.96 
155. 
t 0 e 
30%Li2eo3 
- 2 t 0 c 
20%Li2co3 
- 2 K/ n cm A/ n cm eq. K/ n cm A/ n cm eq. 
657.7 2.054 49.62 730.3 2.365 58.86 
69lol 2.291 55.75 762.3 2.598 65.12 
728.1 2.543 62.36 787.5 2.680 67.56 
757.4 2.652 65.44 81601 2.797 70.96 
78806 2.840 70.83 84601 2.968 75.81 
821.5 2.987 74.75 879.9 3.101 79.82 
848.6 3.126 78.70 91208 3.262 84.61 
88405 3.303 83.82 95101 3.397 88.90 
922.7 3.498 89.52 
961.1 3.670 94.75 
t 0 e 
10%Li2co3 I - 2 t 0 e 
Na2co3 
- 2 K/ n cm A n cm eq . K/ n cm A/ n cm eq. 
804.2 2.680 69.53 871.9 2. 902 78.28 
831.5 2.903 75.77 881.5 2.945 79.61 
866.0 2.975 78.24 893.0 2.987 80.95 
899.7 3.101 82.16 902.8 3.024 82013 
931.3 3.245 86.58 90908 3.072 83.56 
958.6 3.331 89.42 921.5 3.103 84062 
933.2 3.151 86.15 
94408 3.200 87.71 
956.8 3.237 88.96 
965.2 3.268 89.98 
5.32 Lithium-Potassium Carbonate. 
156. 
t 0 e 
90%Li2eo3 
- 2 
80%Li2eo3 
- 2 K/ fl. cm A/ n cm eq. t 0 e K/ n cm l'l/ n cm eq 
723.5 3. 700 80 .33 698.5 3.175 73 .24 
746.1 3. 903 85 .17 724.0 3.335 77.37 
770 . 5 4.097 89 . 90 751.2 3.519 82015 
793.2 4.201 92 .66 776.7 3.708 87008 
816.8 4. 407 97.73 811.0 3. 946 93.40 
835 .1 4.532 100.93 841.6 40167 99 .34 
862.9 40789 107 .34 866 . 0 4.308 103.29 
891.4 4.482 108 .11 
t 0 e 
70foLi2eo3 
- 2 t 0 e 
60%Li2eo3 
-2 K/ '1 cm Ii / .n cm eq. K/ .n cm ~ / n cm eq. 
640.3 2. 584 62.62 598 .9 2.086 53.05 
682 . 5 2.827 69.17 648 .2 2.389 61.45 
716.5 2.985 73.62 681.3 2.502 64.36 
750.3 3.188 79.25 717.7 2.704 70071 
781.7 3.397 85 .07 753.1 2.893 76 . 30 
809 .3 30563 89.81 783.0 3.074 81.66 
850 .8 30784 96.33 807 . 3 3.200 85.50 
875 . 8 3.952 101. 21 835.8 3. 362 90. 46 
920.3 4. 200 108.73 879 . 4 3.580 97 . 37 
923 . 7 3. 818 104.94 
50%Li2eo3 
- 2 t 0 e 
42.7%Li2co3 
-2 
t 0 e K/ n. cm L'l / Sl cm eq. K/ a cm h / n cm eq. 
587.5 1.856 50.02 562 . 2 1 . 589 44 . 35 
641.8 2. 077 56.69 590.2 1 .712 48 . 24 
157. 
691.7 2.335 64.48 628.3 1.907 54.06 
754.4 2.628 73.67 668.3 2.107 60.29 
808.0 2.935 83 .35 733.8 2.350 68. 50 
857.5 3.172 91.18 771.8 2.533 74.32 
899.4 3.376 98.05 809 .2 2.705 80 .10 
949.9 3.592 105.65 824.6 2.796 83.11 
856 . 8 2.937 88 .01 
913 .0 3.194 97.07 
949 .3 3.302 101.29 
t 0 e 
40%Li2eo3 
- 2 t 0 e 
30%Li2eo3 
- 2 K/ .n. cm l'l / Jl cm eq. ></ .n. cm ~ / !lcm eq. 
597.0 1.688 47.56 680.8 1.835 55.68 
633.0 1.831 52.32 712.2 1.939 59.16 
668.5 1.998 57.55 749.2 2.094 64.47 
709.9 2.185 63.55 790.3 2. 282 70.98 
759.9 2.361 69.45 820.7 2. 389 74.87 
783.5 2.478 73.33 853.8 2.504 79.14 
812 .5 2.596 77.36 886 .0 2.635 83.96 
834.5 2.702 80 . 94 926.1 2.803 90.24 
878.7 2.897 87.70 966.1 2.952 96.02 
921.7 3.099 94.83 
953.9 3.201 98 . 74 
t
0 e 
20%Li2co3 I - 2 t 0 e 
1Cr/oLi2co3 
- 2 
K / Stem l'l .n cm eq. x/ .n.cm f'l/ ..'1. cm eq . 
760. 8 1.949 62.95 860.3 2.048 70.72 
783 . 9 2.026 65.78 883 .0 2.107 73 .14 
158 . 
803.6 2.078 67.77 906.0 2.189 76.40 
821.5 2.157 70.63 924.0 2.238 78.44 
845.6 2.238 73.70 940.2 2.297 80.82 
878.6 2.373 78.74 957.7 2.354 83.17 J 
913.3 2.492 83.36 973,,7 2. 392 . 84.83 
95201 2.601 87.80 986.6 2.415 85.91 
973.2 2.678 90.85 
5.33 Sodium-Potassium Carbonate. 
t 0 c 
90%Na2co3 
- 2 t 0 c 
80%Na2co3 
- 2 
K / n cm A/ n cm eq. K / n cm A/ n cm eq. 
869.9 2.767 76.99 812.8 2.355 66.82 
884.2 2.816 78.62 835.6 2.420 69.02 
899.1 2.895 81.11 855.2 2.495 71.48 
918.7 2.952 83.09 874.2 2.579 74.21 
937.2 3.012 85.15 896.7 2.642 76.42 
957.6 3.098 88.00 917.3 2.711 78.80 
980.7 3.211 91.72 939.0 2.808 82.03 
963. 4 2.902 85.27 
70%Na2co3 
- 2 t 0c 
60%Na2co3 
- 2 t 0 c K / n cm A/ n cm eq. K / n cm A/ n cm eq. 
798.0 2.105 61.56 800.0 1.993 60.10 
815.9 2.185 64.15 822.8 2.101 63.68 
833.2 2.206 65.02 847.5 2.150 65.54 
855.9 2.299 68.11 865.5 2.223 67.85 
879.5 2.398 71.34 886.l 2.305 70.89 
900.4 2.482 74.28 905 .5 2.382 73.59 
920.4 
949.0 
t 0 e 
741.8 
759.9 
779.2 
796.5 
818.3 
841.9 
869.4 
893.7 
918.7 
953.3 
t 0 e 
773.6 
793.1 
819.8 
840.1 
857 05 
912 .0 
931.3 
955.7 
972.9 
2.530 
2.641 
58%Na2eo3 
K/ n cm 
1.772 
1.850 
1.899 
1.968 
2.045 
2.110 
2.200 
2.305 
2.370 
2.482 
40%Na2eo3 
K / n cm 
1.850 
1.905 
1.998 
2.060 
2.120 
2.305 
2.355 
2.415 
2.490 
159. 
76.06 
79.93 
- 2 A / n cm eq. 
53.11 
55.67 
57.39 
59.69 
62.34 
64.67 
67.85 
71.48 
73.92 
78003 
- 2 A/ n cm eq. 
57.37 
60.83 
64.18 
66.48 
68.68 
75.61 
77.59 
80.01 
82083 
929.0 
956.8 
t 0 e 
770.9 
78400 
810.5 
827.2 
844.7 
863.2 
884.9 
906 .0 
92900 
957 .4 
t 0 e 
802.6 
816 . 5 
829.7 
848 .1 
863.6 
884 .9 
907 .0 
92800 
94605 
964.3 
2.440 
2.536 
5~~Na2eo3 
K/ n cm 
1.851 
1.945 
1.997 
2.044 
2.102 
2.175 
2.230 
2.300 
2.371 
2.465 
30%Na2eo3 
,c / n cm 
1.880 
1.938 
1.982 
2.038 
2.092 
2.166 
2.238 
2.302 
2.352 
2.406 
75.80 
79.29 
- 2 \ / n cm eq. 
57.16 
60.23 
62.21 
63.91 
65.99 
68.57 
70.65 
73.22 
75.88 
79.40 
- 2 A/ a cm eq. 
61.86 
63.97 
65.61 
67.75 
69.79 
72.61 
75.40 
77. 93 
80. 09 
82.14 
160. 
t 0 e 
20%Na2eo3 
- 2 t 0 e 
10%Na2co3 K/ n cm K/ o cm - 2 A/ n cm eq. A/ n cm eq. 
875 .2 2.070 71.18 883.8 2.030 71.86 
882.7 2.092 72.06 893.7 20068 73.37 
893.0 2.110 72.85 905.4 2.101 74.75 
902.6 2.142 74.12 916.4 2.125 75 . 80 
913.7 2.189 75.94 923.8 2.155 77.00 
928 .6 2.225 77.45 933 .1 2.194 78.57 
94006 2.272 79 . 31 944.1 2.211 79.38 
95008 2.300 80.47 956.8 2.240 80.66 
963.7 2.334 81.90 962 .9 2.278 82.15 
984.6 2.390 84 . 27 976 . 8 2.305 83 .40 
t 0e 
K2eo3 
- 2 
K / n cm A/ o cm eq. 
904 .7 2. 040 74.42 
913 . 0 2.076 75.88 
924.1 2.108 77.26 
933 .8 2.121 77.92 
949 .0 2.180 80.38 
960.6 2.200 81 .34 
970.4 2.235 82.84 
987.8 2.275 84.68 
1000.7 2.310 86.25 
1008.0 2.342 87 .60 
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